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Final  Report 

ONR  Contract  Number  N00014-88-K-0475 


Extension  of  On-Surface  Radiation  Condition  (OSRC)  Theory 
to  Full-Vector  Electromagnetic  Wave  Scattering  by  Three- 
Dimensional  Conducting,  Dielectric,  and  Coated  Targets 


This  document  provides  a  concise  final  report  of  technical  progress  and  accomplishments  for 
ONR  Contract  N00014-88-K-0475.  The  format  is  a  narrative  description  of  the  research  followed 
by  a  compilation  of  reproductions  of  journal  articles  resulting  in  whole  or  in  part  from  this  funding. 

Research  Accomplishments-  OSRC 

1 .  We  completed  the  OSRC  analysis  of  TM  scattering  by  PEC  wedges  of  arbitrary  angle, 
showing  that  the  proper  current  singularity  at  the  edge  (and  associated  scattering  effects)  naturally 
arises  out  of  the  Bayliss-Turkel  B2  operator. 

2.  We  applied  B2  OSRC  to  analyze  full-vector  EM  scattering  by  a  PEC  sphere  using  radial 
potentials,  and  obtained  excellent  agreement  with  the  exact  solution. 

3.  We  applied  B2  OSRC  to  PEC  bodies  of  revolution,  in  one  case  applying  B2  to  surface 
potentials,  and  in  the  other  case  applying  B2  directly  to  the  surface  E  and  H  Fields. 

4.  We  applied  the  Rayleigh  hypothesis  and  high-frequency  asymptotic  analyses  to  the  PEC  wedge 
and  the  cavity-backed  aperture  to  develop  an  understanding  of  the  differences  between  these 
approaches  and  OSRC. 

5.  We  applied  B3  and  B4  OSRC  to  analyze  full-vector  EM  scattering  by  a  PEC  sphere,  and  found 
monotonic  improvement  in  the  accuracy  of  the  computed  surface  currents  at  all  points  along  the 
surface,  especially  the  shadow  region,  as  the  order  of  the  radiation  boundary  operator  increased 
frorr.  2  to  3  to  4. 


An  important  direct  result  of  this  ONR-sponsored  research  is  that  our  publications  sparked 
interest  in  radiation  boundary  condition  (RBC)  and  absorbing  boundary  condition  (ABC)  theory  in 
the  engineering  electromagnetics  community.  As  late  as  the  publication  of  our  first  OSRC  paper  in 
1987,  this  community  was  unaware  of  the  importance  of  RBC  and  ABC  theory  and  applications, 
and  unaware  of  the  existence  of  a  substantial  body  of  work  on  these  topics  in  the  applied 
mathematics  literature.  Since  1987,  the  number  of  RBC  and  ABC  papers  published  at  international 
engineering  electromagnetics  symposia  (and  in  related  journals)  has  risen  from  a  level  of  zero  to  a 
level  today  where  special  sessions  on  RBC/ ABC  theory  and  applications  are  routinely  held,  and  the 
topic  is  absolutely  mainstream.  I . 
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1 .  We  completed  (in  2-D)  the  formulation  and  testing  of  our  new  spatial  decomposition  technique 
for  MoM,  a  unique  analytical  approach  that  retains  the  fundamental  basis,  accuracy,  and  robustness 
of  MoM,  but  profoundly  reduces  the  required  computer  memory  and  running  time. 


2.  We  constructed  the  world's  largest  3-D  finite-difference  time-domain  (FD-TD)  computational 
electromagnetics  models.  The  first  was  an  FD-TD  model  of  a  30-A.o  U-shaped  jet  engine  inlet, 

having  25-million  vector  field  unknowns.  We  solved  this  problem  in  only  3  minutes,  40  seconds  • 

on  a  Cray  Y-MP/8,  achieving  the  fastest  computational  rate  (1.6  GFlops)  and  highest  degree  of 

Cray-processor  concurrency  (7.97/8)  attained  for  such  a  model  up  to  the  date  of  publication.  We 

later  extended  our  FD-TD  modeling  to  a  complete  fighter  aircraft,  the  General  Dynamics/Lockheed 

VFY-218,  at  illumination  frequencies  from  100  MHz  to  500  MHz.  Currently,  our  3-D  FD-TD 

codes  can  solve  for  up  to  500-million  vector  field  unknowns  (in  core)  when  implemented  on  the  # 

Cray  M-90  supercomputer.  Peak  processing  rates  on  the  Cray  C90  are  at  about  10  GFlops. 

3.  Using  FD-TD,  we  completed  the  first  grid-based  analyses  of  radiation  by  2-D  and  3-D  horn 
antennas  and  hom-fed  parabolic  dishes,  and  demonstrated  high  modeling  accuracy. 

4.  We  completed  a  patient-specific  EM  hyperthermia  model  for  cancer  treatment,  using  artificial  • 

intelligence  techniques  to  semi-automatically  process  computed  tomography  (CT)  images  of 

patients,  thereby  assembling  a  3-D  biological  tissue  dielectric  medium  data  base  for  FD-TD  EM 
analysis  on  the  Cray.  Using  FD-TD,  we  completed  the  first  grid-based  Maxwell’s  equations 
models  of  optical  imaging  and  holography  for  diffraction-limited  structures. 

• 

5.  We  made  a  significant  advance  in  computational  physics  that  permits  for  the  first  time  the 
numerical  modeling  of  the  operation  of  femtosecond  optical  devices  directly  from  the  full-vector 
nonlinear  Maxwell's  equations.  Here,  we  learned  how  to  rigorously  incorporate  linear  and 
nonlinear  dispersion  —  the  key  optical  physics  of  glass  and  semiconductor  optical  materials  --  into 

the  FD-TD  direct  time  integration  of  Maxwell's  equations.  We  obtained  for  the  first  time  direct  0 

Maxwell's  equations  models  of  temporal  solitons  in  1-D  and  2-D,  spatial  solitons  in  2-D,  and 
mutual  deflection  of  spatial  solitons  in  2-D  (light  switching  light).  Our  models  can  treat 
engineering  features  in  optical  microchips  down  to  the  10-nanometer  distance  scale,  incorporating 
such  quantum  effects  as  Kerr  nonlinearity,  Raman  interactions,  and  two-photon  absorption. 

An  important  direct  result  of  these  aspects  of  our  ONR-sponsored  research  is  that  our  • 

publications  sparked  interest  in  FD-1D  and  related  grid-based  Maxwell’s  equations  solvers  in  the 
engineering  electromagnetics  community.  As  late  as  the  publication  of  our  Wave  Motion  review 
paper  in  1988,  this  community  was  largely  unaware  of  the  power  of  such  solvers  in  the  context  of 
the  emergence  of  capable  supercomputers,  and  largely  unaware  of  the  existence  of  a  substantial 
body  of  work  on  these  topics  in  the  computational  fluid  dynamics  literature.  Since  1988,  the  • 

number  of  FD-TD  and  related  finite-element  and  finite-volume  papers  published  at  international 
engineering  electromagnetics  symposia  and  in  related  journals  has  risen  from  a  level  of  less  than  10 
per  year  (published  primarily  by  my  group)  to  a  level  today  where  a  single  conference  (for 
example,  both  the  1992  and  1993  IEEE  International  Antennas  and  Propagation  Society  Symposia) 
has  more  than  90  presented  by  research  teams  worldwide.  We  hope  that  our  new  nonlinear  # 

Maxwell's  equations  FD-TD  work  will  have  eventually  have  a  similar  impact  upon  the  worldwide 
nonlinear  optics  community. 
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d.  Number  of  Books  or  Chapters  Published:  3,  as  foUows- 

1 .  A.  Taflove  and  K.  R.  Umashankar,  "The  finite -difference  lime-domain  method  for  numerical  modeling  of 
electromagnetic  wave  interactions  with  arbitrary  structures,"  Chapter  8  in  Progress  in  Fleciromagnetics 
Research  2:  Finite  Element  and  Finite  Difference  Methods  in  Electromagnetic  Scattering.  M.  A.  Morgan, 
ed.,  J.  A.  Kong,  chief  ed.,  Elsevier.  1990. 

2.  A.  Taflove  and  K.  R.  Umashankar,  "Review  of  FD-TD  numerical  modeling  of  electromagnetic  wave 
scattering  and  radar  cross  section,"  in  Radar  rw«  Sections  of  Complex  Objects.  W.  R,  Stone,  ed..  IEEE 
Press,  Nev.  York,  1990. 

3 .  A.  Taflc  ve,  "Slate  of  the  art  and  future  directions  in  finite -difference  and  related  techniques  in 
supercomputing  computational  electromagnetics,"  in  Directions  in  Electromagnetic  Wave  Modeling  H.  L. 
Benoni  and  L.  B.  Felsen,  eds.,  Plenum,  1991. 
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e.  Number  of  Printed  Technical  Reports  and  Non-Refereed  Papers:  3,  as  follows- 


1 .  D.  S.  Katz,  A.  Taflove,  J.  P.  Brooks  and  E.  Harrigan,  "Large-scale  methods  in  computational 
electromagnetics,"  Cray  Channels.  Spring  1991,  pp.  16-19.  (See  pp.  A158  -  A161  of  this  report.) 

2.  FD-TD  Computational  Modeling  of  Vivaldi  Flare  Antennas.  Final  Report  to  Northrop  Defense  Systems 
Division,  Rolling  Meadows,  EL,  July  1992. 

3  Basis  and  Application  of  FD-TD  Techniques  tor  Electromagnetic  Wave  Interactions.  Course  Notes  for  IEEE 
Antennas  and  Propagation  Society  Short  Course,  Chicago,  IL,  July  1992. 


e'.  Major  Computer  Software  Contribution:  l.asfollows- 

1 .  Cray  Research  proprietary  user-friendly,  CAD-based  FD-TD  electromagnetic  wave  interaction  software, 
EMDS,  which  is  capable  of  conformal  surface  modeling  of  entire  flgbter-sized  aircraft  for  radar  cross  section 
up  to  1  -  2  GHz.  Released  for  beta  testing  in  SepL  1992,  EMDS  is  a  joint  development  of  Cray  Research. 
A.  Taflove.  and  bis  students.  No  government  funding  is  involved. 


f.  Number  of  Patents  Filed:  0 


g .  Number  of  Patents  Granted:  0 
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1 .  "Computational  electromagnetics,"  Lockheed  Aeronautical  Systems  Co..  Burbank.  CA,  SepL  1989. 

2.  "Applications  of  supercomputing  computational  electromagnetics.”  Illinois  Institute  of  Technology  EECS 
Department,  Chicago,  IL,  Oct  1989. 

3.  "Supercomputing  computational  electromagnetics,"  DARPA,  Arlington,  VA  (on  behalf  of  the  DOD  EM 
Computer  Code  Consortium),  Nov.  1989. 

4.  "Computational  electromagnetics,'’  (all-day  seminar),  U.  S.  Naval  Weapons  Center.  China  Lake.  CA. 

Jan.  1990. 

5.  "Time-domain  solutions  in  computational  electromagnetics  using  finite-difference  and  finite-volume 
methods,”  Ultra-Wideband  Radar  Symposium,  Los  Alamos  National  Laboratory,  March  1990. 

6.  "Slate  of  supercomputing  computational  electromagnetics  for  scattering  and  radar  cross  section.”  U  S. 
Department  of  Defense,  Crystal  City,  D.C.,  April  1990. 

7.  "The  role  of  analysis  in  an  age  of  computers:  View  from  the  numerical  side,"  Special  Session  on  the  Role 
of  Analysis  in  an  Age  of  Computers  (Leo  Felsen,  Chairman),  IEEE  1990  AP-S  International  Meeting, 
Dallas,  TX,  May  1990. 

8.  "Software  validation  for  FD-TD."  Code  Validation  Workshop  (Ed  Miller,  Chairman).  IEEE  1990  AP-S 
International  Meeting,  Dallas,  TX,  May  1990. 

9.  "Preparation  for  careers  in  science  and  engineering:  High  school  college,  and  graduate  school,"  Midwest 
Talent  Search,  Northwestern  University  DepL  of  Education,  Evanston,  IL,  May  1990. 


10.  "From  B-2  bombers  to  very  bigb  speed  integrated  circuits  and  beyond:  Supercomputing  computational 
electromagnetics  in  the  1990's,"  given  to  John  Rollwagen,  Chairman  and  Chief  Executive  Officer,  Cray 
Research,  Inc.,  Minneapolis,  Minn.,  June  1990. 

1 1 .  "State  of  the  art  and  future  directions  in  finite-difference  and  related  techniques  in  supercomputing 
computational  electromagnetics,"  International  Conference  on  Directions  in  Electromagnetic  Wave 
Modeling,  Polytechnic  University.  New  York,  NY.  Oct.  1990. 

1?.  -  23.  IEEE  Antennas  and  Propagation  Society  (AP-S)  National  Lecture,  "Where  is  engineering  electro¬ 
magnetics  going?”  135-minute  talk  presented  from  Oct.  1990  •  May  1991  at  twelve  locations:  (1) 
Grumman  Aerospace  Corporation,  Bethpage.  NY;  (2)  IEEE  AP-S,  Santa  Clara,  CA;  (3)  University  of 
California  at  Davis;  (4)  University  of  Arizona  at  Tuscon;  (5)  Arizona  State  University,  Tempe,  AZ;  (6) 
IEEE  AP-S,  Phoenix,  AZ;  (7)  Los  Alamos  National  Laboratory,  Los  Alamos,  NM;  v8)  IEEE  AP-S, 
Chicago,  IL;  (9)  IEEE  AP-S.  Dallas.  TX;  (10)  ABB  Impell  Corporation,  Lincolnshire.  IL  (in  honor  of 
National  Engineers'  Week);  (11)  IEEE  AP-S,  Atlanta,  GA;  and  (12)  IEEE  AP-S,  Boston.  MA. 

24.  "Finite-difference  time-domain  solution  of  Maxwell's  equations,"  Progress  in  Electromagnetics  Research 
(PEERS)  Symposium,  MIT,  Boston,  MA,  July  1991. 

25.  "Supercomputing  simulation  of  femtosecond  pulse  propagation,”  Superconducting  Digital  Circuits  and 
Systems  Conference,  George  Washington  University,  Washington.  DC,  Sept  1991. 

26.  A.  Taflove.  "Re-inventing  electromagnetics:  Supercomputing  solution  of  Maxwell's  equations  via  direct 
time  integration  on  space  grids,"  One-hour  invited  talk  at  the  American  Institute  of  Aeronautics  and 
Astronautics  (AIAA)  30th  Aerospace  Sciences  Mtng.  (AIAA  Paper  No.  92-0333),  Reno,  NV,  Jan.  1992. 

27.  A.  Taflove,  "Mathematical  developments  in  grid-based  time-domain  algoriiiuns  for  Maxwell's 
equations,"  50-minute  keynote  talk  at  Electromagnetic  Code  Consonium/U.S.  Army  Missile  Command 
Symposium  on  the  Solution  of  Maxwell's  Equations  for  the  90’s  and  Beyond,  Redstone  Arsenal, 
Huntsville,  AL,  April  1992. 

28.  A.  Taflove,  "Re-inventing  electromagnetics:  Supercomputing  solution  of  Maxwell's  equations  via  direct 
time  integration  on  space  grids,”  Two- hour  lecture  at  the  Electromagnetics  Laboratory  and  the 
Electromagnetic  Communications  Laboratory,  University  of  Illinois  at  Urbana-Champaign.  May  1992. 

29.  A.  Taflove,  "Re-inventing  electromagnetics:  Supercomputing  solution  of  Maxwell's  equations  via  direct 
time  integration  on  space  grids,"  45-minute  inviteu  talk  at  the  National  Engineering  Consortium 
ComForum,  Chicago.  IL,  June  1992. 

30.  A.  Taflove,  "Re-inventing  electromagnetics:  Supercomputing  solution  of  Maxwell's  equations  via  direct 
time  integration  on  space  grids,"  50-minute  invited  talk  at  the  Symposium  on  Computational 
Electromagnetics,  Computer-Aided  Design  and  Supercomputing,  sponsored  by  the  Office  of  Research  and 
Development,  Central  Intelligence  Agency,  McLean,  Virginia,  July  1992. 

31 .  A.  Taflove,  "Re-inventing  electromagnetics:  Supercomputing  soluuon  of  Maxwell’s  equations  via  direct 

time  integration  on  space  grids,"  3-hour  invited  lecture  at  Air  Force  Institute  of  Technology,  Wrigbt- 
Pauerson  AFB,  Ohio,  Sept.  1992. 
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6.  First  listed  in  Who's  Who  in  Engineering.  Eighth  Friitinn  09911 
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A  New  Formulation  of  Electromagnetic  Wave 
Scattering  Using  an  On-Surface  Radiation 
Boundary  Condition  Approach 

GREGORY  A  KRIEGSMANN,  ALLEN  TAFLOVE,  senior  member,  ieee,  and  KORADA  R.  UMASHANKAR. 

SENIOR  MEMBER,  IEEE 


Abstract — A  new  fcrmuUUnn  of  Hectroaugneik  wave  icatteriuc  by 
convex,  two-dimensional  conducting  bodkv  is  reported.  This  formula- 
lion,  called  tbe  on-surface  rxllitlon  condition  (OSRC)  ipproacn.  Is  based 
upon  an  expansion  of  Ihe  -xdtatlon  condition  applied  directly  on  the 
surface  of  a  scalterer.  Past  approaches  involved  applying  a  radiation 
condition  at  some  distance  from  the  scaltertr  in  order  lo  achieve  t  nearly 
'eflection-frec  truncation  of  a  finite-difference  time-domain  lattice. 
However,  It  is  now  shown  that  application  of  a  suitable  radiation 
condition  directly  on  the  surface  01  a  convex  conducting  scaltcrer  can  lead 
to  substantial  simplification  of  ihe  frequency-domain  integral  equation 
fo  the  scattered  field,  which  Is  reduced  to  just  a  line  integral.  For  the 
transverse  magnetic  (TM)  case,  the  integrand  Is  kaowr  explicitly.  For  the 
transverse  electric  (TO  case,  the  Integrand  can  be  easily  constructed  by 
solving  in  ordinary  differential  equation  around  ihe  scatterer  surface 
contour.  Examples  are  provided  which  show  ihat  OSRC  yields  computed 
near  and  far  fields  which  approach  the  exact  re  .  jits  for  canookal  shapes 
such  as  the  circular  cylinder,  square  cylinder,  and  strip.  Eledricii  sizes  for 
(be  examples  arc  ka  »  5  and  ka  «  10.  The  new  OSRC  formulation  of 
scattering  may  present  a  useful  alternative  to  present  integral  equation 
and  uniform  high-*requeocy  approaches  for  convex  cylinders  larger  than 
ka  =  1.  Structures  with  edges  or  corners  can  also  be  analyzed,  although 
more  work  is  needed  to  incorporate  the  physics  of  singular  currents  at 
these  discontinuities.  Convex  dielectric  structures  can  also  be  treated 
using  OSRC.  These  will  be  ihe  subject  of  a  forthcoming  paper. 


1.  Introduction 

'T’HE  APPROACH  PRESENTED  here  is  a  high-frequency 
X  technique  for  modeling  electromagnetic  scattering, 
radically  different  from  the  geometric  theory  of  diffraction 
(GTD)  This  new  technique,  which  we  call  the  on-surface 
radiation  condition  (OSRC)  approach,  converts  the  usual 
surface  integral  equation  for  the  scattering  problem  into  either 
an  integration  of  known  quantities  or  a  simple  ordinary 
differential  equation  for  convex  two-dimensional  targets.  It  is 
currently  applicable  to  convex  conducting  cylinders  of  arbi¬ 
trary  cross  section,  yielding  codes  for  both  the  transverse 
electric  (TE)  and  transverse  magnetic  (TM)  cases  that  are 
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G.  A.  Kriegsmann  is  *;th  the  Department  of  Engineering  Sciences  and 
Applied  Mathematics.  Technological  Institute.  Northwestern  University. 
Evanston.  IL  60201 

A  Taflove  is  with  the  Department  of  Electrical  Engineering  and  Compuier 
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suitable  for  rapid  processing  by  computers  in  the  class  of  the 
VAX  1 1/780.  The  OSRC  approach  has  been  extended  to  two- 
dimensional  homogeneous  dielectric  targets,  yielding  similar 
analyses.  These  will  be  reported  in  a  separate  paper  [l]. 

The  OSRC  approach  was  motivated  by  numerical  experi¬ 
ments  conducted  over  the  past  ewenty  years  aimed  at  simulat¬ 
ing  scalar  or  vector  wave  propagation  and  scattering  using  a 
Finite-difference  time-domain  (FD-TD)  model  of  the  govern¬ 
ing  wave  equation.  This  type  of  simulation  results  in  numerical 
analogs  of  the  incident  and  scattered  waves  propagating  within 
a  finite,  two-  or  three-dimensional  data  space  of  field 
components  positioned  at  distinct  points  in  a  lattice.  To  bound 
the  numerical  domain,  but  not  disturb  the  simulation  of  a 
scatterer  embedded  ir.  an  infinite  space,  it  has  been  found 
necessary  to  introduce  a  suitable  radiation  boundary  condition 
at  the  outermost  lattice  planes.  This  boundary  condition  should 
allow  outgoing  scattered  waves  to  exit  the  numerical  data 
domain  without  undergoing  nonphysical  reflection. 

Sever d  early  investigators  employed  the  Somtnerfeld  condi¬ 
tion  (in  the  time  domain)  as  a  local  radiation  boundary 
condition  to  truncate  the  numerical  domain  (2J-[5).  Later 
workers  identified  and  exploited  higher  order  differential 
operators  for  this  purpose  [6]-(l  1)  These  operators  appear  to 
fall  into  two  categories,  '.'he  first,  exemplified  by  the  work  of 
Kriegsmann  and  Morawetz  (8)  and  Bayliss  and  Turkel  (9), 
uses  the  asymptotic  behavior  of  the  scattered  field  in  cylindri¬ 
cal  or  spherical  coordinate  systems  to  establish  a  scries  8r  of 
operators  that,  when  applied  to  the  scattered  field,  annihilate 
the  first  n  terms  of  the  asymptotic  series.  Bayliss  and  Turkel 
further  demonstrated  that  the  series  Bn  can  be  conveniently 
generated  using  a  recursive  formula.  The  second  category, 
exemplified  by  the  work  of  Trefethen  and  Halpern  [!  I). 
derives  an  approximate  one-way  wave  equation  in  Cartesian 
coordinates  by  factoring  the  dispersion  relation  of  the  full 
wave  equation,  and  providing  a  rational  polynomial  interpola¬ 
tion  of  the  resulting  square  root  at  selected  wave  propagation 
angles.  This  results  in  a  reflection-free  passage  of  plane  waves 
propagating  at  these  angles  through  the  lattice  truncation 
plane.  The  number  of  reflection-free  angles  and  their  values 
can  be  selected  in  a  systematic  manner. 

A  recent  series  of  numerical  experiments  involving  FD-TD 
modeling  of  Maxwell  's  equations  in  Cartesian  coordinates  and 
two  and  three  space  dimensions  has  been  reported  (I2]-(I4). 
These  experiments  utilized  the  radiation  boundary  operator 
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published  by  Mur  [10],  which  is  now  known  to  be  a  Pade  (2, 
0)  approximant  as  defined  by  Trefethen  and  Halpem  [11 J.  For 
continuous,  sinusoidal  excitation,  it  was  observed  that,  if  the 
Mur  condition  were  applied  only  eight  space  cells  from  the 
outer  surfaces  of  structures  spanning  up  to  96  cells  (with  each 
cell  spanning  approximately  0.1  wavelength),  the  radar  cross 
section  could  be  modeled  with  an  accuracy  of  1  dB  or  better 
over  a  40  dB  dynamic  range  [14],  The  robustness  of  the 
numerical  experimental  data  suggested  that  it  might  be 
possible  to  apply  a  suitable  radiation  condition  even  closer  to  a 
scatteret  to  further  reduce  the  required  FD-TD  lattice  size. 

In  preparing  for  the  new  series  of  FD-TD  numerical 
experiments,  an  analysis  revealed  unexpectedly  that  substan¬ 
tial  simplification  of  the  overall  scattering  problem  would 
occur  for  the  important  class  of  convex-shaped,  two-dimen¬ 
sional,  conducting  scatterers  if  the  radiation  condition  were 
applied  directly  on  the  surface  of  a  scatterer  in  this  class. 
Essentially,  the  original  frequency-domain  integral  equation 
for  the  scattered  field  would  be  reduced  to  just  a  line  integral 
about  the  scatterer  surface  contour,  where  the  integrand  is 
either  known  explicitly  (for  the  TM  case)  or  can  be  easily 
constructed  via  solution  of  an  ordinary  differential  equation 
about  the  surface  contour  (for  the  TE  case).  The  prior 
application  of  this  concept,  which  we  call  the  OSRC  approach, 
is  not  evident  in  the  literature. 

Subsequent  sections  of  this  paper  will  develop  the  OSRC 
theory  for  two-dimensional,  convex-shaped,  conducting  scat¬ 
terers  for  the  TM  and  TE  cases.  Radiation  boundary  condi¬ 
tions  published  by  Kriegsmann  and  Morawetz  [8J,  similar  to 
B,  and  Bi  published  by  Bayliss  and  Turkel  [9],  will  be  used  in 
this  development.  (It  should  be  understood  that  OSRC  theory 
might  be  developed  for  the  full  range  of  Cartesian  or  circular 
coordinate  radiation  operators,  and  that  operators  other  than 
Bi  and  B2  may  present  specific  advantages.)  It  will  be 
demonstrated  that  use  of  a  higher  order  OSRC  can  yield 
computed  near  and  far  scattered  fields  which  approach  the 
exact  solution  for  several  canonical  conducting  geometries 
having  electrical  sizes  ka  =  5  and  ka  =  10.  The  results 
indicate  that  OSRC  may  present  a  useful  alternative  to  present 
integral  equation  and  uniform  high-frequency  methods  for 
electrically  large  convex  cylinders  of  arbitrary  cross  section 
shape. 

II.  Formulation  of  the  OSRC  Approach  (TM  Polarization) 

We  shall  consider  a  plane  electromagnetic  wave  illuminat¬ 
ing  a  two-dimensional,  perfectly  conducting,  convex-shaped 
cylinder  for  the  transverse  magnetic  polarization  case.  The 
incident  wave,  propagafr.ij  at  an  Angle  a  with  respect  to  the 
-  x  axis,  is  giver  by 

£«  -- (JIK  =  *-•? «»  (i) 

where  the  unit  vector  £  is  parallel  to  the  cylinder  axis.  The 
parameter  u  is  the  frequency  of  the  incident  wave;  k  =  u>a/ 
c;  a  is  a  characteristic  dimension  of  the  cylinder's  cross 
section;  and  c  is  the  speed  of  light  in  free  space.  The  variables 
x  and  y  are  the  corresponding  dimensionless  Cartesian 
coordinates  in  the  plane  orthogonal  to  t.  They  3re  scaled  with 
respect  to  the  length  a. 


The  scattered  electric  field  E,  is  given  by 
E,  =  U,( 


(2a) 


U,(i)=\c  i 


dv' 


dv'  J 


(2b) 


where  C  represents  the  boundary  of  the  cylinder's  cross 
section;  d/dv'  denotes  an  outward  normal  derivative  on  C; 
and  C  is  the  free-space  Green’s  function  given  by 

<?(i|i')=£  <>(*/?)  (2c) 

/?=  |je-je'|  =  V(Je-jc')2  +  (jK->'')2  .  (2d) 


The  vectors  X  and  X'  appearing  above  are  just  normalized  (x, 
y)  and  (x'.  y‘),  respectively.  Since  the  cylinder  is  perfectly 
conducting,  the  function  U,{X')  can  be  replaced  by  -  U,K(X') 
in  (2b)  to  obtain 


U,(X) 
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Thus,  the  scattered  field  is  completely  determined  when 
dU,U t')/dv‘  is  found.  The  {-directed  surface  electric  current 
J  is  related  to  this  normal  derivative  by 


Jzx 


dv’  dv'  ) 


(3b) 


where  ij0  »  \/n©/« 0-  An  expression  for  the  normal  derivative 
will  be  derived  shortly. 

First,  the  far-field  expansion  of  (3)  can  be  obtained  by  using 
the  asymptotic  expansion  of  as  r  ■  |j?|  —►  o>: 


U,{X)- 


AA<P.  a,  k)r 


eJkr 

Tr 


(4) 


where  r  and  v?  are  the  cylindrical  coordinates  of  X.  The  term 
A0  in  (4)  is  given  explicitly  by 

e‘w/*  r  [dU,  1 

A0(*,  a,  *)  =  -r=  —~jk  cos  6Uine  e-'k*  ds‘ 

V8*x  J 

(5a) 

where  i  =  X'  X  and  cos  6  *  v'  ■$,  for  X  -  (cos  <fi,  sin  v?) 
and  v'  =  unit  normal  to  the  curve  C  ai  s' .  The  bistatic  radar 
cross  section  (RCS)  is  related  to  A0  by  the  expression: 

RCS  =  2ira|/40|:.  (5b) 

Ntxt,  a  sequence  of  radiation  boundary  operators  {B„},  n 
=  1,  2,  •  •  •  can  be  constructed  which,  for  any  n,  annihilates 
the  first  n  terms  in  the  asymptotic  expansion  of  (4),  This  can 
be  considered  as  a  way  of  maiching  the  solution  on  the 
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radiation  boundary  to  the  first  n  terms  of  the  expansion  of  the 
solution  exterior  to  the  boundary.  When  BH  is  applied  to  U,  at 
a  fixed  radius  r  =  R,  the  annihilation  relationship  can  be 
expressed  as 

BnU,  =  0(R-*'-''1y,  #i=l,  2.  3,  •••  (6) 

In  this  expression,  the  symbol  0(R~m)  denotes  a  quantity 
which  decays  like  R~m  as  R  —  ».  The  first  two  operators, 
which  are  used  in  this  paper,  are 

B^d/dr+l/lr-jk  (?a) 

Bj  =  a/3r+  \/2r—jk  —  ^d2/d^2  +  ^j/[2r2(\/r  -jk)). 

(7b) 

These  operators  appeared  in  (8),  and  differ  from  those  in  [9) 
by  the  inclusion  of  the  1  /r  term  in  the  denominator  of  the  last 
term  in  (7b).  The  \/r  term  may  be  neglected  for  the  TM  case, 
but  must  be  retained  for  the  TE  case.  Equation  (6)  has  been 
previously  used  (with  n  =  1,  2)  in  conjunction  with  finite- 
difference  time-marching  schemes  to  close  the  computational 
space  at  some  distance  from  the  scatterer  while  permitting  only 
an  acceptably  small  level  of  nonphysical  wave  reflection  [8], 
[9J.  Excellent  results  have  been  obtained  for  radiation  bound¬ 
ary  surfaces  only  a  few  space  cells  from  the  scatterer  for  a 
wide  variety  or  problems. 

Now,  however,  B„  will  be  applied  to  U,  directly  on  the 
surface  of  the  scatterer,  instead  of  at  some  distance  off  the 
scatterer.  This  permits  formal  expressions  for  the  normal 
derivative  of  the  scattered  field  dU,/dv’  to  be  obtained  via 
application  of  (6)  on  contour  C,  and  setting  the  right  hand  side 
of  (6)  equal  to  zero.  First,  the  following  replacements  are 
made: 


d  d  [  I  d2  d2 

dr  dv  r  r  :  d<p  2  ds  2 


(8) 


where  fts')  is  the  curv-oire  of  the  cylinder's  surface  at  s’ ,  and 
d2/ds’2  is  the  second  derivative  with  respect  to  the  arc  length 
of  C.  Essentially,  these  replacements  are  motivated  by 
approximating  C  at  a  point  X(s‘)  by  its  osculating  circle  (15) 
and  locally  defining  the  operator  Bn.  Then,  B,  U,  =  0  implies 


dU, 

dv' 


(9a) 


while  BiU,  =  0  gives 


2_] 

dv'  (.  2  8 \k+jt{s'))) 


V, 


respectively. 


dU, 


dv' 


U.K, 


for  B i 


dv-~l  2  J  8(£  +yf(s'))  j 


Uu 


( 10a) 


j  W- 

2[k+j{(s')\  ds'2  * 


forfi2.  (10b) 


Inserting  either  of  these  results  into  (3a)  gives  an  analytical 
formula  for  the  scattered  field.  The  corresponding  surface 
electric  current  expressions  are  obtained  by  combining  (3b) 
with  either  (10a)  or  (10b). 

We  observe  that  the  term  -jkUIIK,  which  appears  in  both 
(10a)  and  (10b),  is  the  leading-order  Kirchoff  term.  In  the 
OSRC  formulation,  however,  this  term  as  well  as  the  others  is 
valid  in  both  the  lit  and  shadow  regions  of  a  convex  scatterer. 

III.  Application  to  the  Circular  Cylinder:  TM 
Polarization 

This  section  will  discuss  the  a  '•'ication  of  the  on-surface 
radiation  condition  formulation  to  the  first  of  three  canonical, 
two-dimensional,  convex  conducting  geometries,  the  circular 
cylinder  for  TM  polarizution  of  the  incident  wave.  For  this 
problem.  C  is  the  circle  r  *  1 .  with  d/dv'  -  d/dr' ,  f  =  1 . 
and  the  s'  derivatives  in  ( 10b)  arc  just  <fi '  derivatives.  Without 
loss  of  generality,  a  is  taken  as  zero  in  (1)  so  that  (10a)  and 
(10b)  become 


dU, 

dr’ 


e/k  col  •e ' 


for  B , 


(1  la) 


dr' 


'1  ..  J  1 

— jk - cos  ifi 

,2  8*  2 


gjk  co*  * ' 


for  Bz-  (I  lb) 


In  (lib),  the  term  ( k  +  jf)  in  (10b)  has  been  replaced  by  k. 
Computed  results  for  the  surface  current  obtained  using  these 
expressions  and  (3b)  are  shown  in  Fig.  1(a)  for  k  =  5,  and  in 
Fig.  1(b)  for  k  =  10,  along  with  the  results  obtained  by  using 
a  cylindrical  mode  summation.  As  is  evident,  (lib)  agrees 
with  the  modal  ium  more  closely  than  (11a).  In  general,  the 
use  of  the  higher  order  Bz  operator  implied  by  (1  lb)  results  in 
agreement  of  the  surface  current  to  within  1  dB  of  the  exact 
solution  for  the  k  =  10  case. 

Inserting  (I la)  and  (lib)  into  (5)  gives,  after  some 
manipulation,  the  following  respective  formulas  for  bistatic 
radar  cross  section: 


,  J  d2U, 

2[k+j[(s'))  ds'2  ' 


(9b) 


RCS  _k2t 
A  =~ 


Join 


Since  the  cylinder  is  perfectly  conducting,  U,  is  replaced  by 
-  Uinc  on  the  right  hand  side  of  (9).  This  gives,  for  B\  and  Bz, 


t  sin  (v7/2)7,(i) 


for  B i  ( 1 2a) 
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Fi(.  1 .  Surfue  electric  current  on  conducting  circular  cylinder.  Tvl  cate, 
computed  uun£  OSRC  method,  showing  convergence  to  exact  tolution  for 
higher  order  radiation  boundary  operator  (a)  *  m  5(b)*  -  10. 


RCS  k7  v  f. 

T"'  2  '  L7 


+  g(v>)./i({)l  .  for  B2 


(12b) 


where 


/  J  \  CO*  (fi 

«(*>)  ’3  ^1  +  —  J  sin  (v>/2)  +  -^-  (12c) 

£  ■  2k  sin  (<p/2).  (12d) 

Note  that  the  evaluation  of  only  two  Bessel  functions  is 
required  for  the  RCS  computation,  regardless  of  the  electrical 
size  of  the  cylinder. 

Fig.  2(a)  shows  the  magnitudes  of  the  radar  cross  section 
computed  using  (12a)  and  (12b)  for  the  k  -  5  cylinder  case, 
along  with  the  exact  solution.  Fig.  2(b)  plots  corresponding 
data  for  the  k  =  10  cylinder  case.  Just  as  observed  in  Figs. 
1(a)  and  1(b)  (cylinder  surface  currents),  the  radar  cross 
section  obtained  using  the  formula  corresponding  to  the 
higher  order  radiation  condition  Bj,  is  in  much  better  agree¬ 
ment  with  the  exact  solution  than  that  corresponding  to  B\. 
Here,  the  higher  order  formula,  (12b),  results  in  agreement  to 
within  0.5  dB  of  the  exact  radar  cross  section,  in  general. 


IV.  Application  to  the  Conducting  Strip:  TM  Polarization 

In  this  example,  the  scaneier  surface  contour  C  is  composed 
of  the  upper  ar.d  lower  halve*  of  the  line  segmen*  y  m  0,  jjr| 


Fig.  2.  Bisutic  radar  croaa  wcuon  of  conducting  circular  cylinder,  TM  cue. 
computed  using  OSRC  method,  ihowing  convergence  io  exact  solution  for 
higher  order  radiation  boundary  operator,  (a)  *  -  5.  rt>)  k  -  10. 


SI  1.  On  the  upper  half  of  the  strip,  d/dv'  •  d/dy' ,  f  »  0, 
and  d7/ds' 1  «  b7/dx'7\  while  on  the  lower  half  of  the  strip, 
d/dv’  -  -d/dy' .  No  special  attention  or  care  is  paid  to  the 
edges,  x'  -  ±  1,  y'  «  0  although  the  edges  are  points  of 
infinite  curvature.  For  brevity,  only  the  higher  order  normal 
derivative  expression,  (10b),  will  be  used  in  this  example. 
Inserting  (1)  into  (10b)  gives 


for  B2.  (13a) 


Using  (13a)  and  (3b),  the  z -directed  surface  electric  current  is 
given  by 


sin  a  +  1  -  -  cos 


^jkx '  cm  a  * 


for  iJ2(at  y  =  0±).  (13b) 


Note  that  for  a  given  wave  angle  of  incidence  a,  the  magnitude 
of  J  is  independent  of  position  on  the  strip,  similar  to  the 
physical  optics  case.  However,  a  nonzero  value  of  J  is 
computed  in  the  shadow  region  y  ■  0  - . 

Inserting  (13a)  into  (5)  with  *  *  -  a  gives 


RCS  1 
X  °  2t 


/  1  ,  \  sin  (2k  cos  o) 

1  -  --  cos2  a  - 

\  2  /  cos  a 


for  Bi 


(14) 


as  the  monostatic  radar  cross  section  of  the  conducting  strip. 
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Fig.  3.  Monoiiiiic  ratUr  ere**  section  of  conducting  snip,  TM  cue.  computed  using  OSRC  method  with  the  Bt  radiation  boundary 

operator,  (a)  *  ■  5.  (b)  *  ■  10 


Fig.  3(a)  compares  the  results  of  this  analysis  to  those  of  the 
moment  method  [16]  for  a  k  ■  5  strip;  and  Fig.  3(b)  contains 
the  same  information  for  k  **  10.  In  general,  the  agreement  is 
within  1  dB  for  look  angle,  a.  between  60*  and  90*,  except  at 
nulls.  Disagreement  at  smaller  a  is  probably  due  to  edge 
currents. 

V.  Application  to  the  Square  Conducting  Cylinder; 

TM  Polarization 

In  this  example,  the  scatterer  surface  contour  C  is  a  square 
with  the  four  comers  (  ±  v2,  ±  V3).  The  determination  of  the 
surface  current  distribution  follows  the  same  line  of  analysis  as 


used  in  Section  IV.  In  particular,  (10b)  directly  gives 

—  •  ~jk  {^1  -l-  cos1  aj  e‘k <*' co”'  for  B: 

(15a) 

for  1*1  s  1.  y  m  ±1;  and 

d(J,  /l  \ 

—  *  -jk  M -- sin2  a)  e'"*  c0,“-'  for  Bz 

(I5b) 
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for  x  «  ±1.  and  \y\  g  1.  The  ; -directed  surface  electric 
current  follows  from  (15a),  (15b).  and  (3b).  It  is  given  bv 

/=—  (  ±  sin  a+  1  —  cos2  a )  cna*  una),  for  Bj 
Vo\  2 

(16a) 

for  |*|  s  I,  y  =  ±1;  and 

j„i  (  ?  cos  a+  1  —  -  sin2  a  )  e '*<*  C0,o“''  for  Bj 

no  V  2  / 


(16b) 

for*  =  il.and  |y|  §  I.  Similar  to  the  strip  case  of  Section 
IV.  it  is  noted  that,  for  a  given  wave  angle  of  incidence  a  the 
magnitude  of  J  is  independent  of  position,  x'  or  y',  on  eack 
side  of  the  cylinder.  It  is  also  noted  that  nonzero  values  of  j 
are  computed  in  the  shadow  regions  of  the  cylinder. 

To  compute  the  monostatic  radar  cross  section,  (15a)  and 
(15b)  are  inserted  into  (5)  with  <fi  -  x  -  a: 

RCS  1 

—  =  7-  •  l*i(a)  +  $2(a)  +  *3(<*)lJ  (17a) 

\  2x 


where 


(  1  \  sin  (2k  si 


sin  a) 


cos  (2k  cos  a) 

(17b) 


/  1  ,  \  sin  (2*  cos  a) 

g-(a)  =  I  1  --  cos2  a  ) - cos  (2a  sin  a) 

\  2  /  cos  or 

(17c) 

-j  sin  (2k  sin  a)  sin  (2*  cos  a) 

g,(a)  = - - - ; - .  (17d) 

sin  a  cos  a 


(b) 

Fig.  4.  Morn uuc  ndir  crou  lection  of  conducting  square  cylinder.  TM 
case,  computed  using  OSRC  method  with  the  B,  radiation  boundary 
operator,  (a)  *  •  5.  fl»  *  •  10. 

tion.  By  requiring  that  the  solution  be  I -periodic  (L  is  the 
dimensionless  length  of  C;  /.-periodic  means  that  the  solution 
must  be  observed  to  repeat  itself  upon  successive  complete 
walks  around  C),  and  noting  that  the  coefficient  of  U,  is  not 
purely  complex,  a  unique  solution  of  (9b)  can  be  found.  When 
this  is  inserted  into  (2b),  once  again  an  analytic  formula  for 
U,(X)  can  be  obtained. 

Let  us  now  apply  the  above  to  the  case  of  the  circular 
conducting  cylinder.  For  convenience,  the  definitions  of 
Section  III  will  again  be  used.  For  TE  polarization,  we  have 


The  formula  for  the  monostatic  radar  cross  section  versus  a  is 
now  given  by  (17a).  Results  using  this  formula  are  shown  in 
Figs.  4(a)  and  4(b)  in  comparison  with  the  method  of  moments  an^ 
( 16]  for  the  k  =  5  and  k  ■  10  cylinder  cases.  Agreement  is 
within  about  0.5  dB  at  all  points  (except  for  a  =  12*  and  a  * 

1 4*  for  the  k  *  10  case). 


-(//,+  //«)  (18a) 


dU,^  dUM 

d  p  *  ~  bv' 


(18b) 


VI.  Formulation  of  the  OSRC  Approach  (TE 
Polarjzation) 

For  the  <_ase  of  TE  polarization.  (2b)  is  still  valid  if  U,  is 
identified  as  the  scattered  z-directed  magnetic  field.  Now, 
however,  the  surface  current  is  given  in  terms  of  the  incident 
field,  i.e.,  dU,/dv'  is  known  in  (2b).  If  Bt  is  used,  (9a)  would 
then  give  U,  on  C,  and  (2b)  would  be  an  analytic  formula  for 
U,(£).  If  the  higher  order  Bj  expression  of  (9b)  is  used,  then 
U,[X'(S'))  satisfies  a  linear  second-order  differential  equa- 


On  substituting  (18a)  and  (18b)  into  (9a),  the  total  surface 
electric  current  on  the  ciicular  cylinder  is  obtained  as 

•  (I- cos  *),  forB,.  (19) 

Note  that  the  use  of  B(  provides  an  explicit  expression  for  the 
current. 

The  case  for  Bj  is  more  involved.  Substituting  (18a)  and 
(18b)  into  (9b)  yields  the  following  second-order  differential 
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Fig.  5.  Surface  electric  current  on  conducting  circular  cylinder,  TE  caae.  computed  using  OSRC  method,  showing  convergence  to 
exact  solution  for  higher  order  radiation  boundary  operator  (a)  k  •  5  (b)  k  *  10 


equation  for  the  current: 

dlJ*  d1U 

Q  — - t  -  /,  »  (/,«  •  (1  -  C|  cos  v»)  -  Ci  —— ~  ,  for  Bi 

difi1 

(20a) 

where 

_  %kl+j$k  -  4 

,  =  -l  +  %k'+j\2k  '  Cj=  -)  +  Sk>+j\2k  (2°b) 

and  J,  is  2*--periodic.  We  note  that  this  system  is  linear  with 
constant  coefficients,  and  can  be  solved  using  standard 
analytical  or  numerical  methods.  We  also  note  from  (20)  that, 
in  the  high-frequency  limit  (large  k),  C,  approaches  I  and  C: 


approaches  -  \/lkl.  However,  (20)  docs  not  reduce  to  (19) 
because  the  <?  derivatives  introduce  k 1  factors  multiplying  the 
C;  terms. 

Fig.  5  graphs  the  B,  OSRC  solution  (from  (19)).  the  Bi 
OSRC  solution  (from  the  system  of  (20)).  and  the  method  of 
moments  solution  for  the  current  distribution  on  a  k  =  5  and  k 
=  10  cylinder.  Note  that  'he  use  of  the  B2  operator  extends  the 
range  of  essential  agreement  between  OSRC  and  the  method  of 
moments  result  over  most  of  the  circumference  of  the 
cylinder.  In  particular,  we  observe  the  evolution  of  an 
oscillatory  behavior  (identified  as  the  result  of  the  creeping 
wave)  in  the  shadow  region. 

When  the  scattering  cylinder  is  convex  but  not  circular,  the 
system  of  (20)  no  longer  has  constant  coefficients.  Again. 
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there  are  standard  solution  techniques.  In  particular,  a  simple, 
and  very  promising  approach  is  the  •  following  iterative 
scheme,  illustrated  for  (20)  as 

d:  _/<»> 

f — 1/.«  •  (l-C,co*W  +  CiT f  (21) 

d<fi2 

where  y1"'  denotes  the  mh  iteration  for  the  current.  A 
convenient  selection  for  is  the  B ,  result  given  by  (19).  This 

scheme  would  be  conveniently  implemented  for  arbitrary 
convex  bodies  on  conventional  computers. 

VII.  Relation  to  Previous  High-Frequency  Approaches 

The  OSRC  approach  provides  an  approximate  asymptotic 
high-frequency  result  which  is  convenient  for  engineering 
applications.  This  new  approach  is  valid  both  for  fields 
directly  at  the  surface  and  exterior  to  the  surface  of  a  smooth, 
perfectly  conducting,  convex  cylinder  when  it  is  illuminated 
by  a  plane  wave.  As  was  seen  for  the  k  *  5  and  k  =  10 
circular  cylinders,  the  computed  surface  current  result  is 
uniform  in  the  sense  that  it  remains  essentially  valid  within  the 
transition  region  between  lit  and  shadow  regions,  and  even  in 
deep  shadow  regions.  As  observed  earlier,  the  OSRC  results 
contain  the  leading-order  Kirchoff  term,  as  well  as  others, 
which  are  valid  in  both  lit  and  shadow  regions. 

Previous  work  in  this  area  [17],  [18]  also  developed 
uniform-theory  solutions  for  convex,  conducting,  two-dimen¬ 
sional  cylinders.  However,  the  previous  work  required  a 
complicated  analysis.  In  fact,  a  separate  analysis  was  needed 
close  to  the  cylinder  surface.  The  new  approach  discussed  in 
this  paper  has  the  advantages  of  simplicity  and  a  consistent 
ease  of  application  for  arbitrary  convex  cylinders,  for  both  on- 
surface  and  off-surface  fields.  Further,  the  new  approach 
appears  to  permit  good  treatment  of  convex  scanerers  that  do 
not  have  smooth  surface  contours,  i.e. ,  have  edges  or  comers, 
as  exemplified  by  the  strip  and  square-cylinder  results  reported 
in  this  paper.  Shadow-region  currents  with  OSRC  are  nonzero 
for  such  structures.  However,  OSRC  does  not  currently 
provide  edge-current  singularity  behavior. 

VIII .  Summary  and  Conclusion 

A  new  formulation  of  electromagnetic  wave  scattering  by 
two-dimensional  conducting  bodies  of  convex  shape  has  been 
presented.  This  formulation  is  based  upon  a  series  expansion 
of  the  radiation  condition  which  is  applied  directly  on  the 
scatterer  surface.  Substantial  simplification  of  the  overall 
scanering  formulation  is  achieved  since  the  original  integral 
equation  for  the  scattered  field  is  reduced  to  just  a  line  integral 
whose  integrand  is  either  known  (for  the  TM  case)  or  can  be 
easily  constructed  (for  the  TE  case).  Results  presented  for  TM 
illumination  of  the  circular  cylinder,  square  cylinder,  and 
infinitely  thin  strip  scanerers  are  simple  analytical  expressions 
for  the  surface  electric  current  distribution  and  radar  cross 
section.  Results  presented  for  TE  illumination  of  the  circular 
cylinder  are  obtained  via  solution  of  a  simple  second-order 
differential  equation.  Comparison  of  these  OSRC  results  with 
benchmark  computations  for  scanerer  sizes  of  ka  «  5  and  ka 
“  10  indicates  good  agreement  for  the  B%  radiation  operator. 


The  ability  to  easily  construct  a  sequence  of  higher  order 
OSRC  operators  may  ultimately  lead  to  new  approaches  in 
modeling  reentrant  scanerers  (as  well  as  convex)  and  three- 
dimensional  scanerers.  This  may  present  a  useful  alternative 
to  present  integral  equation  and  uniform  high-frequency 
approaches  for  such  structures.  A  forthcoming  paper  will 
consider  the  application  of  OSRC  to  convex  dielectric  scaner¬ 
ers  [1). 
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by  an  incident  field  other  than  a  plane  wave.  However,  the  uniform 
higrwrcquency  solution  (I)  is  valid  only  for  broadside  plane-wave 
incidence. 
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currants  are  induced  by  an  incident  TE-polariitd  plane  wave.  The  case  of 
a  cirtsla."  cylinder  is  used  to  demonstrate  the  usefulness  of  the  combined 
methods.  It  is  shown  that  a  two-term  expansion  yields  good  results  for  the 
surface  currents  and  excellent  results  for  the  ensuing  bisutic  radar  cross 
section. 

I.  Introduction 

Recently,  Kriegsmann  et  at.  have  introduced  a  new  method  for 
solving  scattering  problems  for  two-dimensional  convex  cylinders 
(I).  By  applying  a  radiation  boundary  condition  on  the  surface  of  the 
scanerer  (OSRC)  they  obtained  a  simple  analytic  expression  for  the 
surface  current  when  the  incident  wave  was  transverse  magnetic 
(TM)  polarized.  When  the  incident  wave  was  TE  polarized,  the 
method  yielded  an  ordinary  differential  equation  for  the  surface 
current.  This  equation  contains  variable  coefficients  which  depend 
upon  the  geometry  of  the  cylinder  and  the  nature  of  the  incident  wave. 
In  general,  it  cannot  be  solved  exactly. 

In  this  communication,  we  shall  derive  an  approximate  solution  to 
this  differential  equation  by  using  the  WKBJ  technique  (2).  The 
motivation  for  such  an  approximation  is  twofold.  First,  it  affords  an 
accurate  analytical  approximation  to  the  surface  current  without 
recourse  to  the  numerical  solution  of  a  boundary  value  problem  for 
arbitrary  convex  shapes.  Secondly,  and  perhaps  more  importantly,  a 
recent  work  by  Jones  (3)  suggests  that  the  approximate  "surface 
current"  for  a  three-dimensional  convex  acoustic  target  (hard) 
satisfies  a  second-order  partial  differential  equation  on  the  target's 
surface.  We  believe  that  a  similar  situation  will  occur  when  the  OSRC 
method  is  extended  to  handle  three-dimensional  electromagnetic 
scattering  problems.  It  seems  plausible  that  the  method  presented 
herein  could  be  extended  to  handle  such  situations. 

The  remainder  of  this  work  is  organized  in  three  additional 
sections.  In  Section  0  the  scattering  problem  is  formulated,  and  the 
OSRC  method  is  used  to  derive  an  ordinary  differential  equation  for 
the  surface  current.  An  approximate  solution  to  this  equation  is 
deduced  by  the  WKBJ  method  in  Section  ID.  Finally,  in  Section  (V 
the  results  for  a  circular  cylinder  are  presented 

U.  Formulation 

We  shall  consider  a  transverse  electric  plane  wave  illuminating  a 
two-dimensional  perfectly  conducting  convex  cylinder  The  incident 
wave,  propagating  at  an  angle  a  with  respect  to  the  -  x  axis,  is  given 

by 

ffinc  ~U,Ke-'"'f.  (1) 

where  the  unit  vector  i  is  parallel  to  the  axis  of  the  cylinder  The 
parameter  u  is  the  frequency  of  the  incident  wave,  k  »  ua/c,  c  is  the 
speed  of  light  in  free  space,  and  a  is  a  characteristic  dimension  of  the 
cylinder's  cross  section.  The  variables  *  and  y  are  the  corresponding 
dimensionless  Cartesian  coordinates  in  the  plane  orthogonal  to  t. 
They  are  scaled  with  respect  to  the  length  a. 

The  scattered  magnetic  field  /?,  is  given  by 

R,(X)-U(Z)e-"'t  (2a) 

(/<*>«  (2b) 

where  C  represents  the  boundary  of  the  cylinder's  cross  section. 
d/dr'  denotes  an  outward  normal  derivative  on  C,  and  G  is  the  free- 
space  Green's  function  given  by 

G(Z\iT)  =  j-H'"(kR)  (2c) 
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rt  -  |J?- JT  |  -  V(jr-jr')J  + (>-.?' )J.  (2d) 

The  vectors  jpand  7'  appearing  above  are  just  normalized  (*,  y)  and 
(x '■>'),  respectively.  The  tangential  surface  current  J  appearing  in 
(2b)  is  related  to  and  V  by 

J(Z)=  -IU,K(*)+U(?)l  (3) 


Since  the  phase  $(s)  defined  in  (3d)  satisfies  (6).  the  (unction  J  will 
too,  as  long  as  the  amplitudes  VK(s)  also  satisfy  these  conditions. 
Inserting  (7)  into  (3)  and  equating  to  zero  the  coefficients  of  the 
powers  of  Jr,  we  deduce  an  infinite  number  of  algebraic  equations 
which  sequentially  determine  the  Vn(s).  The  first  two  amplitudes, 
which  suffice  for  our  purpose  here,  are  given  by 


The  tangential  current  is  unknown,  because  U  is  not  prescribed  for 
the  TE  polarization.  The  OSRC  method  provides  a  means  of 
generating  an  approximation  to  U  in  terms  of  known  geometric 
quantities  and  U,K.  The  motivation  for  this  method,  and  its  complete 
description  are  explained  in  (I).  Here,  we  present  a  single  second- 
order  approximation  which  is  the  one  most  often  used  in  practice. 7  s 

d1  dU.„ 

U+A(s)U-B(s)-j2L  (4a) 

A(s)  =  2k1  +  3 y*f(s)  -  \  f J(s)  (4b) 

4 

B(s)*=2j(k  +j{(s))  (4c) 

where  f(s)  is  the  curvature  of  the  cylinder's  surface  at  s  and  d2/ds}  is 
the  second  derivative  with  respect  to  the  arclength  of  C.  Combining 
(3),  (4).  and  the  definition  of  Uine  from  (1),  we  find  that  J  satisfies 


Vo(s)=  -  1  + 


a(s) 

D(s) 

/  (j)=  j'  <t>  +  (*  +  3f)K0  +  20ko-f(2o-3)j 


(8a) 

(8b) 

(8c) 


where  the  dots  denote  differential  with  respect  to  the  arclength  s.  We 
note  that  the  denominator  D  does  not  vanish  because  d>  is  the 
projection  of  the  unit  tangent  vector  onto  (cos  a.  -  sin  a)  and  is  thus 
less  than  one  in  modulus.  We  also  observe  that  V0  and  VK  satisfy  (6) 
because  the  curvature  fts)  and  o(s)  are  periodic  functions. 

Inserting  the  first  two  terms  of  (7b)  into  (7a)  we  formally  deduce 
that 


^ri  +  A(s)J’‘  -F(s)e'k* 
ds 1 

(5a) 

*'>-*■  [2-(s  )’-*«) 

*Jk  j^  +  3f(s)-2o(5)f(s)j 

~fJ(5)  (3b) 

fl(s)*/l(j)  •  (cos  a,  -sin  a) 

(5c) 

<t>(s)  **  ?0(s)  ■  (cos  a,  -sin  a) 

(5d) 

where  5o(*)  *s  the  vector  representation  of  the  curve  C.  In  addition  to 
satisfying  (5)  J  must  also  be  periodic,  i.e.. 


7(s +  !)«/(*),  —  (s  +  L)»—  (s),  OsssL  (6) 

as  as 

where  L  is  the  length  of  C  Thus  the  OSRC  method  has  reduced  the 
determination  of  the  surface  current  to  the  problem  of  solving  an 
ordinary  second-order  linear  differential  equation  with  variable 
coefficients  and  periodic  boundary  conditions. 

We  note  here  that  the  coefficient  A(s)  in  (5a)  has  a  nonzero 
complex  component.  Thus  die  homogeneous  solution  of  (5),  (6),  i.e., 
F  »  0  in  (5a),  haj  only  the  zero  solution.  From  this  we  deduce  that 

(5) ,  (6)  has  a  unique  solution  (4). 

m  WKBJ  Analysis 

The  actual  computation  of  the  surface  current  J  which  satisfies  (5), 

(6)  is  impossible  to  perform  analytically  for  an  arbitrary  convex 
cylinder  In  general,  it  must  be  done  numerically.  However,  it  is 
quite  easy  to  obtain  a  WKBJ  approximation  of  J  which  yields  an 
analytic  formula 

According  to  this  procedure  we  express  J  as 

J(s)*  V(s,  k)eJ>*w  (7a) 

where  the  amplitude  Y(s,  k)  has  the  asymptotic  expansion 

n*.  *)-£  K{.s)k-\  <7b) 

ft  •  0 


J-  f/l  +  °(1/*:>J  <9) 

where  0(\/k2)  represents  the  remaining  terms.  This  is  the  WKBJ 
approximation  of  the  periodic  solution  of  (5).  (6). 

The  approximate  surface  current  given  by  (9)  can  be  inserted  into 
(2)  to  determine  the  scattered  field.  This  expression  simplifies  m  the 
far  field,  r  >  1,  to 


e,k' 

U~A(Q,k)-F  (10a) 

<r 


V o(s)  +  ~  F,  (r) J  e*0)  cos  &(s)  ds 

(10b) 

where  ^(s)  ■  -j?0 (s)f  +  i{s),  cos  6  »  n-f,  fi  is  the  unit  normal  of 
C  at  s,  and  f  ■  (cos  0,  sin  0)  is  the  unit  vector  in  the  observation 
direction. 

IV.  Example:  The  Circular  Cylinder 

In  this  example  C  is  a  circle  of  unit  radius  so  that  f  «  1  in  all  the 
preceding  formulas.  Without  loss  of  generality,  the  angle  a  defined 
in  (I)  is  set  to  zero  in  the  subsequent  equations.  The  exact  boundary 
value  problem  for  the  Helmhotz  equation  can  be  solved  exactly  using 
a  Fourier  series  representation.  In  Fig  1  we  have  graphed  the  results 
predicted  by  (9)  versus  the  Fourier  series  solution  for  the  k  »  5 
circular  cylinder.  Thirty  terms  were  taken  in  the  Fourier  series  to 
obtain  an  accurate  answer.  As  can  be  seen  in  this  diagram,  the  results 
given  by  (9)  are  quite  close  to  the  exact  answer.  Similarly,  Fig.  2 
shows  our  results  for  the  k  =  10  circular  cylinder  Here  again  30 
terms  were  used  in  the  partial  sum  to  insure  accuracy  The  agreement 
between  (9)  and  the  exact  solution  is  even  better  than  before:  this  is  to 
be  expected  since  the  WKBJ  method  is  a  high-frequency  approxima¬ 
tion. 

Fig.  3  compares  the  bistatic  radar  cross  section  predicted  by  (10b) 
for  a  Jr  =  J  circular  cylinder  verses  the  exact  answer  computed  by  a 
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PreOicied  SuNoce  Currents  vs.  Angie 
Tt  -  polarization 


Pig.  i.  OSRC  predicted  surface  current!  using  a  two-term  asymptotic 
expansion  Tor  k  -  3  circular  cylinder. 


Predicted  Sistatie  Rada-  Cross  Section  vj  Angie 
TE  -  polarization 
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Fig.  3.  Predicted  RCS  for  *  ■  }  circular  cylinder  (RCS  is  scaled  with 
respect  to  If). 
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Fig.  2.  OSRC  predicted  surface  currents  using  s  two-term  asymptotic 
expansion  for  *  -  10  circular  cylinder. 
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Fig.  4.  Predicted  RCS  for  *  ■  10  circular  cylinder  (RCS  u  scaled  with 
respect  to  At). 


Fourier  series.  Fig.  4  shows  the  btetade  radar  cross  section  for  i  k  « 
10  cir.-ular  cylinder.  We  can  see  that  the  agreement  between  the 
predicted  and  the  exact  RCS  is  very  good  over  the  entire  range  of 
angles,  and  as  before,  the  error  is  even  smaller  for  the  larger 
cylinder.  This  is  to  be  expected  since  the  integration  process  tends  to 
remove  small  errors  introduced  by  the  asymptotic  expansion.  The 
most  significant  errors  are  in  the  deep  shadow  where  the  phase  of  our 
approximate  currents  differs  from  the  exact  answer.  This  is  not  a 
deficiency  in  the  WKBJ  method  but  rather  the  OSRC  approximation. 

In  conclusion  we  see  that  the  asymptotic  expansion  (9)  does  l  good 
job  of  estimating  the  surface  current  ove-  a  wide  range  of  frequencies 
while  even  better  agreements  can  be  seen  in  the  bisutic  radar  cross 
section  results.  Thus,  for  convex  objects  being  illuminated  by  a  TE 


polarized  wave,  the  combination  of  the  OSRC  and  WKBJ  methods 
provides  s  powerful  tool  for  analyzing  scattering  problems. 
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Abstract— A  MCdort  anlfltd  review  it  provided  of  (Re  theory  of 
rtdiiUoo  booed  try  operator*  which  bat  appeared  priadpaOy  in  the 
tpptkd  Mathematics  tod  compauUoaal  physics  literature  over  the  lati 
tea  yean.  With  the  recent  Introdectioa  of  the  on-turf  tee  raditdoa 
coedltioa  (OSRC)  method  tad  the  coatiaocd  growth  of  naite-di/fereoce 
tad  fleiteeieoKOl  techalqoci  for  modeiiaf  ekctromagoetic  wave  scatter- 
It j  problems,  the  aadentaadlog  tad  ate  of  raditdoa  boundary  operator* 
hat  become  locreatiagly  Important  10  the  eegiateriag  community.  la  the 
OSRC  method,  tpe  Ifk  raditdoa  booed  try  operilort  tie  applied  directly 
oa  the  jurfoce  of  a  arbitrary  coavea  target,  tabftni daily  timpllfyiag  the 
ataal  islegral  t  pitdoa  for  the  Mattered  field.  la  the  fiaite-differeace  tod 
flalte-eiemeot  techniques,  radiation  booadary  operator*  are  ated  to 
truncate  the  compatatloaai  domaia  near  the  target,  while  accaratdy 
dmaiadag  aa  infinite  nodding  space.  Rendu  are  prevented  to  ID  art  rate 
the  application  of  radiation  boaadary  operator]  la  both  of  theaa  a  real. 
Recent  OSRC  results  iodnde  analyst*  of  the  Mattering  behavior  of  both 
electrically  small  tad  electrically  targe  cylinder*,  a  reaedvdy  loaded 
acoottk  sphere,  and  a  simple  reentrant  dact.  New  radiation  boundary 
operator  reaalu  Include  the  demonstration  or  the  effectiveness  of  higher 
order  operators  ia  truncating  finite-difference  time-domain  grid*. 

I.  Introduction 

VT  7TTH  THE  RECENT  introduction  of  che  on-surface 
V*  radiation  condition  (OSRC)  method  [1]  and  the 
continued  growth  of  finite-difference  rime-domain  (FD-TD) 
(2]  and  finite-clement  [3]  techniques  for  modeling  electromag¬ 
netic  wave  scattering  problems,  the  understanding  and  use  of 
radiation  boundary  operators  has  become  increasingly  impor¬ 
tant  to  the  engineering  community.  Radiation  boundary 
operators  have  fundamentally  different  uses  in  the  OSRC  and 
fuiitc-difference/finite-eletnent  methods.  Finite  techniques  use 
radiation  boundary  operators  in  either  the  time  domain  or 
frequency  domain  to  create  a  radiation  boundary  condition 
(RBC)  which  truncates  a  volumetric  computational  domain 
electrically  close  to  a  modeled  target,  and  yet  effectively 
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simulates  the  extension  of  the  computational  domain  to 
infinity.  In  contrast,  the  OSRC  method  uses  the  radiation 
boundary  operator  directly  on  the  surface  of  the  target  to 
reduce  the  usual  frequency  -domain  integral  equation  for  the 
scattered  field  to  either  an  integration  of  known  quantities  or  a 
second-order  ordinary  differential  equation.  Each  is  simply 
implemented  on  the  target  surface.  Although  the  OSRC  and 
finite  methods  use  radiation  boundary  operators  in  different 
manners,  both  techniques  can  be  greatly  enhanced  by  more 
effective  radiation  boundary  operators. 

The  purpose  of  this  paper  is  to  provide  a  succinct  unified 
review  of  key  research  that  has  been  performed  in  the  area  of 
radiation  boundary  operators.  Because  much  of  this  research 
has  appeared  in  'he  applied  mathematics  and  computational 
physics  literature  over  the  past  ten  years,  its  results  and 
implications  are  generally  not  well  known  by  the  engineering 
electromagnetics  community.  This  paper  will  also  present 
some  recent  results  from  the  application  of  these  operators  to 
engineering  problems.  In  particular,  we  will  examine  two 
basic  types  of  radiation  boundary  operators  and  give  examples 
showing  their  use  in  both  the  FD-TD  and  OSRC  methods. 
Specifically,  in  Section  n  we  will  discuss  the  theory  behind 
radiation  boundary  operators.  In  Section  m  the  radiation 
boundary  operators  will  be  used  to  construct  new  radiation 
boundary  conditions  for  a  two-dimensional  FD-TD  grid  of 
higher  order  than  those  currently  used;  and  the  effectiveness  of 
the  new  radiation  hour.,  y  conditions  will  be  tested.  In 
Sectioo  IV,  the  radiation  bou.idary  operators  will  be  used  in 
the  OSRC  method  to  approximately  solve  the  problem  of 
scattering  from  a  perfectly  conducting  cylinder.  Section  V 
concludes  with  a  discussion  of  the  research  activities  that  are 
ongoing  in  the  areas  of  adiation  boundary  operators  and  their 
applications. 

D.  Theort 

There  are  two  basic  types  of  radiation  boundary  operators: 
mode  annihilating  and  one-way  wave  equation  approxima¬ 
tions.  Each  of  these  radiation  boundary  operators  possesses 
different  characteristics  and  forms.  In  this  section,  the  two 
different  types  of  radiation  boundary  operators  are  examined 
in  detail. 
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A.  Mode-Annihilating  Operators 

The  first  type  of  radiation  boundary  operator  to  be  discussed 
is  the  mode-annihilating  differential  operator.  This  type  of 
operator  is  based  on  the  idea  of  killing  the  terms  (herein 
referred  to  as  “modes")  of  the  far-field  expansion  of  outward 
propagating  solutions  to  the  wave  equation.  One  can  view  the 
idea  of  killing  modes  of  the  scattered  fields  as  first  being 
proposed  by  Sommerfeld  in  the  form  of  the  Sommen'clo 
radiation  condition  [4]  which  annihilates  the  first  mode  in  the 
expansion.  Later,  researchers  (5)  extended  the  Sommerfeld 
theory  and  created  an  operator  that  annihilates  the  next  mode 
in  the  expansion.  Independently,  other  researchers  created  a 
general  operator  that  kills  an  arbitrary  number  of  modes  in  the 
expansion  as  derived  and  presented  in  [6] .  ft  is  the  theory  that 
appeared  in  (6]  that  will  be  reviewed  in  this  section. 

For  this  section  we  will  proceed  as  follows.  In  Section  II- 
Al)  the  scattered  fields  are  written  in  terms  of  a  far- field 
expansion,  and  the  effect  that  the  Sommerfeld  radiation 
condition  has  on  the  expansion  is  presented.  The  operators 
derived  in  [6],  are  presented  in  Section  D-A2)  for  the  full 
three-dimensional  case  and  are  specialized  to  two  dimensions 
in  Section  II-A3). 

I)  Far-Field  Expansions  and  the  Sommerfeld  Radiation 
Condition:  We  consider  here  solutions  (/(/?,  0,  <f>,  ')  to  the 
scalar  wave  equation 

VW-U,.  =  0  (I) 


Sommerfeld  radiation  condition  can  be  viewed  as  an  operator 
on  the  far-field  expansion  of  U  giving  the  asymptotic  result, 

in  the  limit  /?-*«,  In  other  words,  the  Sommerfeld  condition 
retains  terms  that  are  no  greater  than  0(R~2)  in  the  expansion. 

2)  Higher  Order  Operators:  With  the  goal  of  devising 
operators  that  annihilate  terms  up  to  any  order  in  the  far-field 
expansion  of  U,  a  sequence  of  operators  3„  was  proposed  (6) 
for  the-  expansion  in  (3).  A  similar  sequence  of  operators  was 
independently  developed  for  the  Helmholtz  equation  in  two 
dimensions  (5).  The  former  were  extended  [9]  for  the 
Helmholtz  equation  in  both  two  and  three  dimensions.  We 
restrict  our  review  here  to  operators  for  the  time-harmonic 
case  [9),  keeping  in  mind  that  results  for  waves  of  arbitrary 
time  variation  can  be  obtained  by  a  simple  substitution  of  d/d/ 
for  the  term  -  jk. 

The  derivation  of  B„  begins  by  multiplying  a  slightly 
rewritten  version  of  (4)  by  /?"  and  then  splitting  the  sum  as 
shown: 

*"£/(*.  8.  *)  =  £  R-‘e**F,(e.  <t> ) 

f  I 

+  f)  R'-W'Ftf,  *).  (7) 


and  the  associated  Helmholtz  equation  for  time-harmonic 
waves 

V2(/+*J(/= 0  (2) 

where  the  wave  speed  c  has  been  scaled  to  unity  and  the 
harmonic  wave  is  assumed  to  have  time  dependency  e~Jul.  The 
radiating  solutions  of  the.  scalar  wave  equation  (i.e.,  solutions 
propagating  in  directions  which  are  outward  f-orr  the  origin  of 
a  spherical  coordinate  system)  can  be  expanded  in  a  conver¬ 
gent  series  of  the  form  [7] , 


U(R,  e,  *,  f)-2 

l »  I 


Mt-R.e.  *) 

R1 


(3) 


This  result  was  extended  to  the  tinie-harmonic  case  for  both 
vector  and  scalar  fields  (8).  For  the  scalar  Helmholtz  equation, 
it  is  proved  in  [8]  that 


pjRK  m 

u(R,  e,  *)=—  £ 


/,(*,  <t>) 

R' 


(4) 


is  a  convergent  expansion  for  scalar  wave  functions  that  satisfy 
the  Sommerfeld  radiation  condition. 

The  Sommerfeld  radiation  condition  (4J,  given  by 

lim  R(U*-jkU)  =  G  (5a) 

R-m 


where  UR  denotes  a  derivative  respect  to  P.,  is  satisfied  by  the 
each  term  of  (4).  By  using  the  correspondence  -  jk  =  d/dt. 
the  Sommerfeld  co-.dition  is  extended  to 

Urn  R(U„+  t/,)  =  0  (5b) 

R-m 


which  is  satisfied  by  each  term  of  the  expansion  in  (3).  The 


Now  define  the  intermediate  operator. 


L 


(8a) 


and  observe  that  applying  Ln  to  both  sides  of  (7)  annihilates 
the  first  sum  and  makes  the  leading  order  term  of  the  second 
sum  be  0{R~I,~I).  We  have 

Lr(/?"L0  =  O(/?'"-')  (8b) 

which  accomplishes  the  goal  of  anmhiltfirg  the  first  n  terms  of 
the  far-field  expansion.  A  more  useful  way  to  exp-'ss  this 
result  is  as  a  single  operator  acting  on  U  only  This  is  achieved 
by  inductive  arguments  (9).  s’or  n  =  1, 

L(RU)*(^~-jk)  PM=0(R~2)  (9a) 

T  ,+  )  U+U=0(R~2)  (9b) 

\  u--  / 

which  can  be  written  as 

(sT'*+i?)  u~  <9c) 

The  first  operator  in  the  sequeiice  io  then 

5,  =  £  +  i  (10a) 

which,  when  applied  to  both  sides  of  (4),  annihilates  the  first 
term  of  the  expansion.  Similarly, 

*-(i+!)H)  ,,ob) 
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annihilate*  the  first  two  terms.  Id  general,  the  recursion 
relation , 


2/i  - 1  \ 


(ID 


produces  an  operator  which  annihilates  the  first  n  terms  of  the 
expansion  in  (4).  The  sequence  of  operators  gives 

B„U=0(R-1'-')  (12) 


scattering  from  a  conducting  circular  cylinder  illuminated  by  a 
TE  polarized  plane  wave.  The  first  two  operators  used  there 
are 


d  1 
dr  2  r 


and 


(19a) 


(19b) 


for  any  function  V  satisfying  the  expansion  in  (4). 

In  the  literature,  Bn  has  been  utilized  as  a  boundary 
condition 

B*U= 0  (13) 

for  the  wave  function  U.  This  condition  becomes  more 
accurate,  in  powers  of  R~\  as  the  order  of  the  operator  n 
increases.  The  original  application  of  (13)  was  to  truncate  a 
computational  domain  while  accurately  modeling  the  outward 
propagation  of  waves  to  infinity.  Further  application  of  B„. 
particularly  Bj,  is  found  in  the  OSRC  method  for  computing 
scattering  from  twotlunensional,  convex,  conducting  and 
homogenous  dielectric  bodies. 

3)  Operators  for  Two-Dimensional  Wave  Propagation: 
Extension  of  B„  for  use  with  wave  functions  U(r,  0,  t)  in  two 
soace  dimensions  proceeds  in  the  time  harmonic  case  from  an 
expansion  presented  in  [10], 

U(r,  0)  =  Ho(kr)  £  - ^  +  //,  <*r)  £  ^  ( 14) 

/-o  r  i.o  r 

which  has  the  far-field  result  [9], 

U{r,  0)=  LL  */<*>■- ir-w  V—  (15) 

yrkr  ,.0  r‘ 

that  is  analogous  to  (4).  A  sequence  of  boundary  operators  is 
defined  (6]  by  the  recursion  relationship 


In  the  derivation  of  (19b)  the  recursion  relation,  (16)  produces 
a  second-order  r  derivative.  It  is  conveniently  eliminated  by 
the  substitution  from  the  Helmholtz  equation. 


d1  j  a1  id 

p=  ~y2  d0i~~ryr 


(20) 


B.  One -  Way  Wave  Equations 

A  partial  differential  equation  which  permits  wave  propaga¬ 
tion  only  in  certain  directions  is  called  a  “one-way  wave 
equation."  Fig.  1  shows  a  finite  two-dimensional  Cartesian 
domain  Q  on  which  the  time-dependeut  wave  equation  is  to  be 
simulated  Tn  the  interior  of  fl,  a  numerical  scheme  which 
models  wave  propagation  in  all  directions  is  applied.  On  the 
outer  boundary  dO,  only  numerical  wave  motion  that  is 
outward  from  0  is  permitted.  The  boundary  must  permit 
outward  propagating  numerical  waves  to  exit  0  just  as  if  the 
simulation  were  performed  oo  a  computational  domain  of 
infinite  extent.  A  scheme  wnich  enacts  a  one-way  wave 
equation  on  dO  for  this  purpose  is  called  a  radiation  boundary 
condition  (RBQ. 

I)  Derivation  by  Wave  Equation  Factoring1:  The  deriva¬ 
tion  of  an  RBC  whose  purpose  is  to  absorb  numerical  waves 
incident  upon  the  outer  boundary  of  a  finite-difference  or 
finite-element  grid  can  be  explained  in  terms  of  operator 
factoring.  Consider  the  two-dimensional  wave  equation  in 
Cartesian  coordinates. 


(  4n-3\ 

2r 

(16) 

v*+u„-u„= 0. 

The  partial  differential  operator  here  is 

(21) 

where 

L  m  D\  +  D\-D) 

(22?) 

r 

and 

which  uses  the  notation, 

(17a) 

d1  d2  d 2 

D2  m  —  D2  ■  D2  m  — 

'  dx2  7  dy 2  '  dt2 

(22b) 

d 

L  m  -~jk. 
dr 

(17b) 

The  wave  equation  is  then  compactly  written  as 

LU= 0. 

(23) 

The  operator  annihilate;  the  first  n  terms  of  the  expansion 
(16)  and  yields 

The  wave  operator  L  can  be  factored  in  the 
mannei: 

following 

B.U^Ofr-^- l/J), 

08) 

LU  =  L'L-U=0 

(24a) 

The  utility  of  these  operators  will  be  demonstrated  in 
Section  IV  in  the  OSRC  calculation  of  electromagnetic 


1  It  can  be  demonstrated  that  wave  equation  factoring  can  generate  B\  and 
B i  dejcntrd  in  Section  Q-A.  However,  this  has  not  been  shown  for  n  >  2. 
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Fig  I.  Two-dimensional  Ctnctun  computational  domain. 


where  L  ~  is  defined  as 

L-  m  Dm-DA-S*  (24b) 

with 

D, 

S  =  -\  (24c) 

D, 

the  operator  L'  is  similarly  defined  except  for  a  "  +  "  sign 
before  the  radical 

In  (11)  it  is  shown  that  at  a  boundary,  say  at  x  =  0,  the 
application  of  L'  to  the  wave  function  U  will  exactly  absorb  a 
plane  wave  incident  at  any  angle  and  traveling  in  the  -x 
direction.  Thus 


L~U~0  (25) 

applied  a:  x  -  0  functions  as  an  exact  analytical  RBC  which 
absorbs  wave  motion  from  the  interior  of  the  spatial  domain 
{fi  =  (x,  y):0  <  x  <  h,  0  <  y  <  h}.  The  operator  L* 
performs  the  same  function  for  waves  traveling  in  the  +x 
direction  that  impact  the  other  x  boundary  in  Fig.  1  at  x  >=  h. 
The  presence  of  the  radical  in  (24b)  classifies  I'  as  a 
pseudodifferential  [11]  operator  that  is  nonlocal  in  both  the 
space  and  time  variables.  This  is  an  undesirable  characteristic 
in  that  it  prohibits  the  direct  numerical  implementation  of  (25) 
as  an  RBC. 

Approximation  of  the  radical  in  (24b)  produce  RBC  s  that 
can  be  implemented  numerically  and  are  useful  in  FD-TD 
simulations  of  the  wave  equation.  The  numerical  implemenia- 
tion  of  an  RBC  is  not  exact  in  that  a  small  amount  of  reflection 
does  develop  as  numerical  waves  pass  through  the  grid 
boundary.  However,  it  is  possible  to  design  an  RBC  which 
minimizes  the  reflection  as  much  as  possible  over  a  range  of 
incident  angles  [12].  The  RBC  deri  ed  in  [13]  and  applied  in 
the  simulation  of  electromagnetic  scattering  [14],  uses  a  two- 
term  Taylor  series  approximation  to  the  radical  in  (24b). 

Vl  -S:«  1  S:.  (26a) 

* 

This  leads  to  the  following  approximate  analytical  RBC  which 


can  be  numerically  implemented  at  the  x  =  0  boundary: 


U„~  o. 


(26b) 


A  generalization  of  (26)  presented  tn  [IS]  showed  that  the 
construction  of  numerically  useful  absorbing  boundary  condi¬ 
tions  reduces  to  approximation  of  VT-  S:  on  the  interval 
(  -  1,  1]  by  the  rational  function, 


r(s)  = 


Pm  is) 

Q*  (s) 


(27) 


where  p  and  q  are  polynomials  of  degree  m  and  n,  and  r(s)  is 
said  to  be  of  type  (m,  n).  By  specifying  r(s)  as  a  general  type 
(2,  0)  approximant,  the  radical  is  approximated  by  an 
interpolating  polynomial  of  the  form 


Vl  -  S1~Po+PiS2  '  (28a) 


resulting  in  the  general  second-order  approximate  analytical 
RBC, 

Ua-poU„-p1U„  =  0 .  (28b) 

The  choice  of  the  coefficients  p0  and  p2  is  determined  by  the 
method  of  interpolation.  Standard  techniques  such  as  Che 
byshev.  least-squares,  or  Padd  approximation  are  applied  with 
the  goal  of  producing  an  approximate  RBC  whose  perform¬ 
ance  is  good  over  a  wide  range  of  incident  wave  angles. 
Expressions  similar  to  (28)  can  be  derived  and  applied  at  the 
other  three  boundaries  of  a  two-dimensional  FD-TD  grid. 

High  order  approximations  to  the  radical  in  (24b)  were 
proposed  in  [15]  as  a  means  to  derive  a  more  accurate 
approximate  RBC.  Use  of  the  general  type  (2,  2)  rational 
function. 


>/7Tsi.£Lt£i£! 

<7o+<7jSj 


(29a) 


gives  the  general  third-order  approximate  analytical  RBC, 


<7o  V„,  +  <7:  Um  -  po  U,„  -  p2  U,„  =  0.  (29b) 

Appropriate  selection  of  the  p  and  q  coefficients  in  (29) 
produces  various  families  of  RBC's,  as  suggested  in  [12]  and 
[15].  For  example,  q0  »  Po  *  I.P2  =  -  3/4,  an  dq2=  -  1/ 
4  gives  a  Psde  (2,  2)  approximation  in  (29a)  with  the  resulting 
RBC  function  better  than  (26b)  for  numerical  waves  impacting 
the  grid  boundary  at  near  normal  incidence.  This  results  in  the 
third-order  RBC  originally  proposed  in  [11].  Other  types  of 
approximating  polynomials  "tune"  the  RBC  to  absorb  numer¬ 
ical  waves  incident  at  specified  angles  other  than  normal,  and 
are  considered  to  be  a  means  to  improve  wide-angle  perform¬ 
ance  [12].  Results  from  a  comparative  study  [16]  of  the 
performance  of  various  families  of  RBC’s  are  presented  in 
Section  Ill. 

2)  Derivation  by  Dispersion  Relation:  An  alternate 
procedure  for  obtaining  one-way  wave  equations  is  presented 
in  the  literature  [12],  [15].  We  summarize  the  technique  here 
for  completeness.  It  is  well  known  that  if  the  dispersion 
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relation  for  a  linear  constant-coefficient  partial  differential 
equation  is  known,  tnen  the  equation  itself  is  specified  [17], 
Thus  if  one  can  obtain  the  dispersion  relation  for  a  one-way 
wave  equation,  then  an  RBC  appropriate  for  use  on  3ft  is 
obtained. 

If  a  plane  wave  solution 

U(x,y,  =  (30) 

is  substituted  into  (21),  then 

=  (31) 

is  the  dispersion  relation  for  the  wave  equation  which  permits 
wave  propagation  in  all  directions  of  the  x-y  plane.  The  wave 
in  (30)  has  velocity 

v  »  +  v,S  (32a) 

where 

— -*  -cos  9  (32b) 

w 

--«  -  sin  9  (32c) 

u 

and  8  is  the  counterclockwise  angle  measured  from  the  the 
negative  x  axis.  By  rewriting  (31)  as 

--  tVF-V  (33a) 

U) 

with 


series  approximation  to  the  radical.  Equation  (34)  becomes 

«’ ■"('-;?)  <55” 

which  is  equivalent  to 

=  (35b) 

which  is  the  dispersion  relation  of 

Ua  ■£/,,-  j  U„.  (35c) 

This  is  the  same  expression  as  the  approximate  analytical  RBC 
giver,  in  (26b).  Higher  order  RBC's  follow  directly. 

IH.  Application  of  One-Way  Wave  Equations:  FD-TD 
Radiation  Boundary  Conditions 

In  the  simulation  of  electromagnetic  wave  scattering  by 
finite  techniques,  one-way  wave  equations  are  used  to  truncate 
the  computational  domain  in  a  manner  which  accurately 
models  the  propagation  of  scattered  waves  to  infinity  (13], 
[14],  This  section  summarizes  recent  results  in  applying  the 
theory  of  one-way  wave  equations  to  the  simulation  of 
electromagnetic  scattering  by  the  FD-TD  method.  In  particu¬ 
lar,  the  promise  of  higher  order  RBC's  is  quantified  by  a 
reflection  coefficient  analysis  and  by  numerical  experiments. 
It  is  demonstrated  that  a  reduction  in  grid  boundary  reflection 
is  realized  when  a  third-order  RBC  is  applied  on  the  boundary 
of  a  two-dimensional  FD-TD  grid. 


(a 


a  dispersion  relation  can  be  identified  which  corresponds  to  an 
equation  that  admits  plane  wave  solutions  propagating  only  in 
the  -x  direction.  This  is  obtained  by  choosing  the  positive 
branch  of  the  square  root  in  (33a)  which  corresponds  to  waves 
having  velocity  component  vt,  in  the  -x  direction.  Wave 
tnotioo  from  the  interior  of  ft  will  be  absorbed  at  the  x  -  0 
grid  boundary  if  an  equation  having  the  dispersion  relation, 

{-wVl  -s1.  (34) 

is  applied  at  that  boundary . 

Equation  (34)  is  a  dispersion  relation  for  a  pseudodifferen¬ 
tial  equation  [11]  and  cannot  be  identified  with  a  linear  partial 
differential  equation  which  can  be  implemented  numerically 
on  the  x  *  0  boundary.  By  approximating  the  radical  in  (34), 
it  is  possible  to  obtain  a  dispersion  relation  which  can  be 
identified  with  a  partial  differential  equation  that  functions  as 
an  approximate  analytical  RBC.  The  same  methods  of 
approximation  for  the  radical  used  in  Section  H-Al)  can  be 
applied  here;  however,  s  is  now  defined  by  (33b).  Once  a 
dispersion  relation  is  obtained  with  approximates  the  exact 
relation  in  (34),  the  same  RBC's  are  derived  as  in  Section  Q- 
Al).  We  illustrate  here  application  of  the  two-term  Taylor 


A.  Reflection  Coefficient  Analysis 

Numerical  radiation  boundary  conditions  derived  from 
approximate  analytical  one-way  wave  equations  are  not  exact 
in  that  a  small  amount  of  reflection  will  be  realized  from 
numerical  wave  striking  the  grid  boundary.  For  a  numerical 
plane  wave  striking  the  x  *  0  boundary  in  Fig  1 ,  the  amount 
of  reflection  is  dependent  upon  the  angle  of  incidence  8.  Now, 
scattered  waves  from  a  complex  body  can  be  viewed  as  a 
superposition  of  plane  waves  striking  the  computational 
boundaries  over  a  wide  range  of  incident  angles.  Therefore, 
the  performance  of  a  given  RBC  can  be  assessed  by  deriving  a 
reflection  coefficient  R,  which  quantifies  (he  amount  of 
nonphysical  reflection  a  plane  wave  produces  as  a  function  of  8 
when  it  interacts  with  the  grid  boundary.  Clearly,  a  good  RBC 
gives  a  small  value  of  R  over  a  wide  range  of  9.  Such  an  RBC 
should  perform  well  in  the  simulation  of  a  realistic  scattering 
situation  because  the  grid  boundaries  would  permit  most  of  the 
scattered  energy  to  exit  the  computational  domain. 

Consider  (he  outgoing  plane  wave  in  Fig.  1.  The  wave  has 
the  form, 

C/uK  ™  +  (36) 

The  total  field  at  the  boundary  of  the  computational  domain 
must  satisfy  the  specific  RBC  in  effect  there.  Postulating  the 
existence  of  a  reflected  wave  launched  from  the  boundary,  the 
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TABLE  I 

COEFFICIENTS  FOR  THIRD-ORDER  RBC'S 


Type  of  Approximation 

Pt 

Pi 

9i 

Angles  of  Exact  Absorption  (*) 

Fade 

1.00000 

-0.75000 

-0.25000 

0.00 

L" 

0.99973 

-0.S0S64 

-0.31657 

11.7,31.9,  43.5 

Chebyshev  points 

0.996 JO 

-0.91296 

-0.47251 

15.0,  45.0,  7J.0 

Ll 

0.99250 

-  0.92233 

-  0.51084 

11.4,  51.3,  76.6 

CP 

0.99030 

-0.94314 

-0.5SJ6 

1S.4,  53.1,  St. 2 

Newman  points 

1.00000 

-  1.00000 

-0.66976 

0.0,  60.5,  90.0 

L“ 

0.95651 

-  0.943 J4 

-0.70355 

26.9,  66.6,  *7.0 

q,  -  100000  for  each  technique. 


table  a 

COEFFICIENTS  FOR  SECOND-ORDER  RBC'S 


Type  of 

Appro  umjttxjo 

P* 

Pi 

Angles  of  Exact 
Absorption  (*) 

Pa at 

1.00000 

-0.50000 

0.00 

IT 

1.00023 

-0.31555 

7.6,  IS. 7 

Chebyihev  point* 

1 .03597 

-0.76537 

22.5,  67,5 

L> 

1.03064 

-0.73631 

22.1,  64.4 

C-P 

1.06103 

-0.S48I3 

25.6.  73.9 

Newman  points 

1.00000 

-1.00000 

0.0.  90.0 

L“ 

1.12500 

-  1.00000 

31.4,  SI  .6 

total  field  at  the  x  ■  0  boundary  has  the  form, 

UmtJlkl  +  k*tmt-krmD  +  RgHIcl - kxml -  kji unt)  (37) 

where  R  can  be  determined  by  substituting  U  directly  into  the 
equation  for  the  RBC  used  at  the  x  ■  0  boundary. 

By  substituting  (37)  into  (28b)  and  (29b),  reflection  coeffi¬ 
cient  expressions  as  a  function  of  incident  angle  are  obtained 
for  the  general  second-  and  third-order  RBC’s.  They  are, 
respectively, 

„  cos  6-Po-Pi  sin2  0 
cos  6+P0+P2  sin2  9 

and 

R  Qo  cos  tf +  02  cos  9  sin2  9-p0~Pj  sin2  8  ^ 

q0  cos  0  +  di  cos  0  sin*  8+p0+P)  sin2  8 

where  the  coefficients  p  and  q  correspond  to  the  approximat¬ 
ing  function  used  in  the  derivation  of  the  RBC.  Seven 
techniques  of  approximation  are  developed  in  (IS]  for  this 
purpose.  The  techniques  are:  Pad4;  Chebyshev  on  a  subinter- 
val  (L •);  interpolation  in  Chebyshev  points;  least-squares 
(L2)\  Chebyshev-Psdd  (or  C-P);  interpolation  in  Newman 
points;  and  Chebyshev  (Lm).  Tables  I  and  0  show  p  and  q 
coefficients  for  approximating  functions  of  both  second  and 
third  order.  The  mechanics  of  their  derivation  can  be  found  in 
(IS].  A  type  (2,  2)  approximant  produces  a  third-order  RBC. 
Second-order  RBC‘s  are  obtained  from  type  (2,  0)  approxi- 
mams.  Also  shown  in  Tables  I  and  □  are  angles  of  incidence  at 
which  the  RBC’s  are  designed  to  exactly  absorb  numerical 
plane  waves.  The  Pad 4  family  concentrates  absorption  near  8 
■  0*.  The  others  distribute  absorption  angles  through  the 


range  (0,  r/2)  as  a  means  to  improve  wide-angle  performance 
(IS].  A  more  general  approach,  which  permits  the  design  of 
boundary  conditions  for  plane  waves  incident  at  arbitrary 
angles,  is  presented  in  (18]  and  (19]. 

Figs.  2  and  3  show  the  behavior  of  the  reflection  coefficient 
for  the  two  best-performing  RBC's  as  a  function  of  incident 
angle  on  the  range  (0,  r/2].  In  all  cases  studied,  the  behavior 
of  reflection  coefficient  for  third-order  RBC’s  it  better  than 
that  of  second-order  RBC’s.  Fig.  2(a)  shows  R  less  than  one 
percent  for  0  <  8  <  45*  for  the  third-order  Padi  RBC.  Note 
that  the  Pad i  RBC'S  have  a  very  low  reflection  coefficient  for 
normal  incidence.  The  distribution  of  exact  absorption  angles 
away  from  8  •  0*  is  illustrated  in  Fig.  2(b)  for  the  I*  RBC. 
The  nulls  in  the  behavior  of  R  are  as  predicted  by  ihe  analysis 
presented  in  [IS].  Fig.  3  compares  the  third-order  Pad i  and 
the  third-order  1 7  RBC’s.  By  sacrificing  performance  mt  8 
*  0*.  the  Lf  RBC  extend*  the  point  at  which  R  is  less  than 
one  percent  to  about  8  »  60*. 

B.  Numerical  Experiments 

Numerical  experiments  are  now  reported  which  clearly 
measure  the  amount  of  noophysical  reflection  a  given  RBC 
produces  as  a  pulse  propagates  through  a  grid  boundary.  Fig. 
4(a)  show*  two  domain*  on  which  the  two-dimensional  FD-TD 
algorithm  is  computed  simultaneously  for  the  transverse 
magnetic  (TM)  case.  On  the  boundary  of  the  test  domain  Or  a 
test  RBC  is  applied.  Each  point  in  flr  has  a  corresponding 
member  in  the  substantially  larger  domain  0«.  A  line  source  is 
located  at  grid  position  (50,  25)  in  both  domains.  The  source 
produces  outward  propagating,  cylindrical  waves  which  are 
spatially  coincident  in  both  domains  up  until  time  steps  when 
the  waves  interact  with  the  boundary  of  0 T-  Any  reflection 
horn  the  boundary  of  Or  makes  the  solution  at  points  within  0r 
differ  from  the  solution  at  corresponding  points  within  0#.  The 
wave  solution  st  points  within  fl«  represents  the  desired 
numerical  modeling  of  free-spoce  propagation  up  until  time 
steps  when  reflections  from  its  own  boundary  enter  the  region 
of  0,  corresponding  lo  Or  By  calculating  the  difference  in  the 
solutions  in  and  Or  •(  each  point  at  each  time  step,  a 
measure  of  the  spurious  reflection  caused  by  the  boundary  of 
Or  is  obtained. 

We  define  at  the  nth  time  step 

D(lJ)-Ert(l.J)-E[{I.J)  (40a) 

for  all  ( l.j )  within  the  test  domain,  where  E\  is  the  solution 
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fypo  (2.0) 
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-*■  compact  pulM 


(b) 

Fig.  4.  PulM  itudiei  (a)  ComputahonaJ  domaint.  (b)  Wave  aourcc. 


within  Qrand  £f  is  the  solution  at  points  in  Qt.  D(i,  j)  is  the 
local  error  in  the  test  domain  caused  by  its  grid  boundary 
reflections.  We  also  define  a  global  reflected  error  measure, 

£“S  S  DlVJ)  (40b) 

i  t 


for  all  (/,  j )  within  Gr,  which  measures  the  total  reflected 
error  within  the  test  grid  at  the  nth  time  step. 

The  source  used  in  the  numerical  experiments  is  the  pulse 
obtained  from  (20)  and  is  defined  as  follows: 


£,(50.  25,  n) 

f  o(10- 15  cos  <*i|f +6  cos  -cos  «j{), 

CO.  f>r 


where 


a 


1 

320 


2nm 

-  . 

T 


m«*  I,  2,  3 


$  -n6r 
r-IO*» 


(41a) 


(41b) 


and  6t  is  the  time  step  used  in  the  simulation.  In  all 
experiments  we  maintained  it  -  2.5  x  10'  "sec  and  A  *  2 c 
6t,  where  c  is  the  speed  of  light  in  free-space  and  A  is  the  space 
increment  of  the  finite  difference  grid.  The  time  profile  of  the 
pulse  defined  in  (41a)  is  shown  in  Fig.  4(b).  This  pulse  was 
selected  because  it  has  an  extremely  smooth  transition  to  zero. 
As  discussed  in  [20],  the  pulse  has  its  first  five  derivatives 
vanish  at  {  ■  0,  r  and  is  a  good  approximation  to  a  smooth 
compact  pulse. 

This  pulse  has  very  little  high-frequency  content  which  is 
important  because  of  the  deleterious  effects  of  grid  dispersion 
(dependence  of  numerical  wave  phase  velocity  upon  spatial 
wavenumber).  Grid  dispersion  and  its  relation  to  RBC’s  is 
discussed  in  (21),  and  (22).  This  problem  is  compounded  in 
higher  dimensions  by  anisotropies  of  the  numerical  wave 
phase  velocity  with  wave  vector  angle  in  the  grid  (3),  (23)  and 
is  a  subject  of  current  research  aimed  at  further  reduction  of 
grid  boundary  reflection  coefficients. 

The  source  point  in  Fig.  4(a)  is  25  cel's  from  the  boundary 
of  Or  at  y  -  0.  With  the  specification  A  =  2c  it,  disturbances 
at  the  source  point  require  50  time  steps  to  propagate  to  the 
boundary  at  y  -  0.  At  time  step  70,  the  peak  of  the  pulse  just 
starts  to  pass  through  the  boundary .  We  choose  to  observe  the 
reflection  at  the  first  row  of  grid  points  away  from  the  y  «  0 
boundary  (along  J  ■  1)  at  time  step  n  »  100.  This  permits  the 
bulk  of  the  outgoing  pulse  to  pus  through  the  boundary  and 
excite  the  largest  observable  reflection. 
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Pi*-  J  Error  measures,  P*k  RBC  (a)  LocaJ  enor  ai  n  -  100.  (b)  Global  error. 


Figs.  5  and  6  show  the  local  and  global  reflection  errors 
observed  for  the  Pat  and  /  *  RBC's.  Fig.  7  compares  the 
third-order  conditions.  In  Figs.  5(a),  6<a),  and  7(a),  D(i,  1) 
has  been  normalized  with  the  peak  value  of  the  incident  pulse 
which  strikes  the  y  =  0  boundary  at  time  step  n  -  70  at  grid 
position  (50, 0).  The  pulse  experiment  results  are  in  agreement 
with  the  reflection  coefficient  analysis  by  showing  that  higher 
order  RBC's  do  perform  better  than  lower  order  RBC's  in 
actual  simulations.  However,  comparison  of  the  third-order 
RBC  to  the  third-order  Pad£  RBC  does  not  indicate  any 
particular  performance  advantage.  The  improved  wide-angle 
performance  suggested  in  [15]  is  not  evident  in  these  experi¬ 
ments. 

IV.  Application  of  Mode- Annihilating  Operators:  OSRC 

The  on-surface  radiation  condition  method  (l)  is  a  new 
analytical  technique  by  which  it  is  possible  to  construct 
accurate  approximation  of  two-  and  three-dimensional  scatter¬ 
ing  problems  involving  convex  and  simple  reentrant  targets.  In 
this  section,  two  areas  of  application  will  be  examined.  In  the 
First  application,  the  OSRC  method  will  be  applied  to  compute 


the  scattering  cross  section  of  two  canonical  convex  targets:  I ) 
a  circular  cylinder  illuminated  by  both  a  transverse  electric 
(TE)  and  transverse  magnetic  polarized  plane  wave;  and  2) 
an  acoustic  sphere  with  a  constant  surface  impedance.  In  the 
second  application,  the  OSRC  method  will  be  applied  to  the 
scattering  of  a  plane  wave  by  a  canonical  reentrant  geometry: 
the  open  end  of  a  semi-infinite  flanged  parallel-plate  wave¬ 
guide.  Before  either  of  the  cases  is  examined,  some  back¬ 
ground  discussion  on  the  OSRC  method  is  necessary. 

A.  Background 

The  OSRC  method  is  based  upon  the  application  of  a 
radiation  boundary  operatoi,  such  as  those  discussed  in 
Section  II,  directly  on  the  surface  of  the  target.  The  effect  of 
this  is  to  relate  the  surface  currents  to  known  field  quantities 
through  a  simple  expression;  thus  the  problem  reduces  to 
solving  an  equation  along  the  contour  of  the  target.  Only 
second-order  operators  will  be  considered  here  because  they 
are  the  most  widely  used.  The  method  used  in  this  paper  will 
be  the  same  one  used  in  [I).  For  completeness,  recently 
proposed  variations  will  be  reviewed  as  well. 
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The  original  method  developed  for  two-dimensional  electro-  second -order  two-dimensional  surface  boundary  operator  (1] 

magnetic  targets  is  to  apply  a  mode-annihilating  radiadoo 

boundary  operator  locaUy  at  each  point  on  the  surface  of  the  , U-ik)  —  U-—  U+  I  li2-- +  U  I42di 

target  (1).  This  is  conveniently  done  by  noting  that  an  7  '«<•  **  1  4  J  J  ' 1 

osculating  circle  can  approximate  the  target's  surface  locally  at 

each  point.  The  operator  then  work*  m  the  fields  as  if  they  A  lhree:dimen*io“1  furfacc  boundl,rT  operator  developed 
were  emanating  from  within  the  local  osculating  circle.  In  two  *cou*t>c  ***8***  ^  presented  in  [24).  There,  the  following 
dimensions,  this  is  accomplished  by  making  the  following  are  made  in  the  three-dimensional  mode-anaihi- 

substitutions:  l*tin8  radiation  boundary  operator: 


a 

dr  bn 

(42a) 

d  ->d 
dR~*bn 

(43a) 

1 

—  *(j) 
r 

(42b) 

r"w 

(43b) 

a’^a1 

W*J? 

(42c) 

„  „ 

(43c) 

where  n  is  the  outward  normal,  s  is  an  arc  length  parameter,  where  V’ V  is  the  surface  t  jpi^isp  and  //  is  the  mean 
and  k(s)  is  the  curvature  of  the  target  at  s.  This  produces  the  curvature.  This  produces  the  second-order  three-dimensional 
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surface  boundary  operator, 

a 

-  Tjk  —  Um  V  ■  VU+  U  -  k1  - jkH )  U.  (43d) 

dft 

A  variation  of  this  surface  boundary  condition  is  presented  in 
(23)  in  which  a  slightly  different  radiation  boundary  operator 
is  used.  It  is 

•  VU  +  2(H1-k1-2JkH)U.  (43e) 
an 

The  fundamental  difference  between  (43d)  and  (43e)  is  that  the 
latter  annihilates  terms  of  order  (kR )  ~ 5  as  compared  to  ( kR ) " 2 
for  the  former. 

Other  methods  have  recendy  been  presented  for  deriving  a 
general  surface  boundary  condition  for  OSRC.  A  sequence  of 
surface  boundary  operators  is  derived  in  (26)  by  direedy 
factoring  the  wave  equation,  as  in  Section  D-B  but  in  a  general 
coordinate  system  based  on  the  local  properties  of  the  target's 
surface.  These  results  differ  from  (42d),  (43d),  and  (43e)  by  a 


term  proportional  to  the  derivadve  of  the  curvature  multiplied 
by  k’1.  No  published  evidence  exists  at  this  time  to  indicate 
that  this  term  has  any  beneficial  effects.  The  most  recent 
derivadon  of  surface  boundary  conditions  for  OSRC  was 
presented  in  [27],  which  demonstrates  that  the  surface 
boundary  condition  can  be  derived  direedy  from  geometrical 
acoustics/optics  by  making  the  assumption  that  the  surfacr 
of  the  target  is  a  phase  front.  The  resulting  boundary  conditio 
in  three  dimensions  is 

Ijk—U^V  •  VU+(2kl  +  Hl-K0-jkH)U  (44a) 
an 


where  k0  is  the  Gaussian  curvature.  The  corresponding 
surface  boundary  condition  in  two  dimensions  is 


Lil* 

4  k  is1  kdsds 


(44b) 
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Exact 

OSAC  using  01 
OS  AC  using  02 


—  Ex*c1 

♦  OSAC  u»ing  B1 

•  OSAC  uwtg  02 


Fi|.  I.  OSRC  computed  buuUc  RCS  of  cooducaat  circular  cylinder,  TE  cate  (a)  ka  •  10.  (b)  ka  ■  20. 


We  note  that  (44b)  alto  differs  from  (42d)  in  the  terms 
proportional  to  the  derivative  of  the  target’s  curvature  (which 
are  formally  0(k~l)  corrections),  but,  in  turn,  differs  slightly 
from  the  operator  derived  in  [26].  More  importantly,  [27] 
shows  how  this  method  is  deriving  surface  boundary  operators 
can  be  applied  to  the  vector  scattering  case  of  OSRC. 
However,  no  validations  have  been  published  to  date. 

Now  that  the  surface  boundary  conditions  have  been 
derived,  the  application  of  the  OSRC  method  to  scalar 
problems  is  straightforward.  We  set 

0  (45) 

on  the  surface  of  the  target,  where  5'  is  one  of  the  surface 
boundary  conditions  described  above.  What  results  is  an 
expression  that  relates  the  scattered  field  to  its  normal 
derivative  at  each  point  on  the  surface  of  the  target.  This  is 
now  combined  with  the  usual  relation  between  the  incident  and 
scattered  field  (or  the  normal  derivative  of  the  scattered  field), 
as  dictated  by  the  problem. 

B.  Application  to  Scattering  from  Convex  Targets 

The  use  of  OSRC  is  first  illustrated  by  modeling  scattering 
by  a  perfectly  conducting  circular  cylinder  of  radius  a.  The 
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cylinder  is  illuminated  by  either  a  transverse  electric  or 
transverse  magnetic  polarized  plane  wave.  For  either  polarize' 
tion,  the  second -order  surface  boundary  condition  (42d)  is 
applied  to  the  surface  of  the  cylinder. 

For  TE  polarization,  with  the  magnetic  field  tangent  to  the 
target's  surface,  the  OSRC  method  results  in  an  ordinary 
differential  equation  (ODE)  for  the  azimuthal  surface  current 
density  /*: 


-  J*  »  £/*(!  -  C,  cos  <t>)  -  C2 


a*1' 


(46a) 


where 

_ z* _ 

-l  +  ik'+J\2k  -3  +  8*J+yi2 

This  is  a  very  simple  ODE  since  it  has  constat!  coefficients 
and  thus  may  be  solved  analytically.  The  bistatic  rtdar  cross 
section  patterns  for  a  ka  *  10  and  ka  »  20  cylinder, 
computed  via  a  modal  solution  of  (46),  are  plotted  in  Figs.  8(a) 
and  (b).  The  OSRC  results  for  the  Bi  operator  are  seen  to 
dr  uynstme  excellent  agreement  with  the  exact  solution  over  a 
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wide  (30  dB)  dynamic  range.  The  solution  to  (46)  can  be 
accurately  approximated  by  using  the  WKBJ  method  for  k  a 
5  {28).  There  an  approximate  formula  for  an  arbitrary  convex 
target  is  derived  by  the  same  technique. 

For  TM  polarization,  the  electric  field  is  tangent  to  the 
target  s  surface  and  thus  the  OSRC  method  gives  a  simple 
algebraic  expression  for  the  longitudinal  surface  current 
density 


jk  . 

>  +  —  sin 
2 


<t>  e 


,jk  co*  a 


(47) 


convex  target  was  first  illustrated  by  modeling  scattering  by  a 
soft  acoustic  sphere  (24),  It  was  next  applied  to  an  acoustic 
sphere  loaded  with  a  constant  impedance.  Because  this 
problem  is  solved  in  (25),  only  one  example  is  presented  here. 
In  this  example,  an  acoustic  plane  wave  propagating  in  the  -  z 
direction  inpinges  upon  a  spherical  target  of  radius  a  having  a 
constant  normalized  surface  impedance  of  Z  =  10.  Condition 
(43e)  is  applied  to  the  surface  of  the  sphere.  After  inserting 
(43e)  into  (45),  a  second-order  partial  differential  equation 
results  for  the  surface  currents,  whose  solution  is  approxi¬ 
mated  by  a  simple  two-term  asymptotic  expansion  and  is  then 
used  to  determine  the  far  fields.  Fig.  10  shows  the  backscat- 
tered  cross  section  versus  k.  Again,  there  is  excellent 
agreement  with  the  exact  solution. 


The  OSRC  predicted  britatic  radar  cross  section  patterns  for  a 
ka  -  1  and  ka  =  10  cylinder  are  plotted  in  Fig.  9(a)  and  (b). 
The  OSRC  results  for  the  Bi  operator  are  again  seen  to 
demonstrate  excellent  agreement  with  the  exact  solution  over  a 
substantial  dynamic  range. 

The  application  of  OSRC  to  a  basic  three-dimensional 


C.  Application  to  Scattering  from  Reentrant  Structures 

The  second  area  of  application  illustrates  using  OSRC  to 
model  scattering  by  simple  reentrant  structures.  We  consider 
the  problem  of  a  plane  wave  impinging  on  the  open  end  of  a 
semi-infinite  flanged  parallel-plate  vaveguide  [29J,  shown  in 
Fig.  1 1 .  A  plane  wave,  at  an  angle  a  measured  counterclock- 
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K 

Fig.  10.  Normalized  back  scattering  croc*  section  versus  K  for  reacts  ely 
loaded  spliert  (Z  »  10).  Exact  soluooo  u  calculated  from  modal  sene* 
representation  Dotted  lu*e  is  two-term  OSRC  solution. 


Fig.  1 1 .  Plant  wave  incident  on  open  end  of  flanged,  semi- infinite  parallel- 
plate  waveguide,  a  «•  1.5®,/"  250  MHz. 

wise  *ith  reference  to  the  -z  axis,  illuminates  the  mouth  of 
the  waveguide.  The  flange  and  the  walls  of  the  guide  are 
assumed  to  be  perfectly  conducting.  The  incident  wave  U‘  is 
considered  to  be  the  y  component  Ey  of  the  incident  electric 
field  vector.  Thus,  for  the  boundary  conditions  shown,  TE 
modes  are  excited  inside  the  guide.  The  operator  (42d),  with  « 
=  0,  is  applied  to  the  field  representations  valid  in  the  guide 
aperture  and  yields  an  expression  for  the  coefficients  in  the 
modal  representation  of  the  waveguide  fields.  Knowledge  of 
the  modal  coefficients  then  permits  the  derivation  of  a  simple 
expression  for  the  bistatic  radar  cross  section  of  the  field 
scattered  by  the  aperture,  and  the  fields  penetrating  into  the 
waveguide.  Results  of  calculations  using  this  approach  are 
presented  in  Pigs.  12  and  13.  Fig.  12  shows  the  bistatic  cross 
section  for  a  plane  wave  at  a  =  0*.  Fig.  13  show  the 
magnitude  and  phase  distribution  of  the  field  penetrating  the 
guide  at  a  distance  of:  »  2  m  from  the  aperture.  The  OSRC 
results  are  compared  to  results  obtained  by  FD-TD  simula¬ 
tions.  Excellent  agreement  is  observed.  The  value  of  the 
OSRC  solution  is  striking  in  its  simple  form  and  negligible 
computational  requirements. 

V.  Future  Research 

Research  on  radiation  boundary  operators  is  presently 
directed  at  two  basic  goals.  The  first  is  the  development  of 


6  (degree  a) 

Fig.  12.  Binotic  cross  section  for  scattering  from  waveguide  aperture  due  to 
plane  wave  at  a  >0*  and  /  -  250  MHz.  Angle  9  is  as  shown  in  Fig.  1 ! . 


X  position 

(a) 


X  position 

rt» 

Fig.  13.  Field  penetration  into  waveguide  at  z  -  2  ro  for  plane  wave  its  • 
0’  and  /  -  250  MHz.  (a)  £-field  magnitude,  (a)  £-field  phase. 

better  truncation  conditions  for  finite-difference  and  finite- 
element  grids.  This  is  aimed  at  reducing  nonphysical  reflec¬ 
tions  from  the  outer  grid  boundary  which  contribute  to  the 
numerical  noise  floor  of  the  modeling  procedure.  Reducing  the 
numerical  noise  floor  will  allow  the  simulation  of  scatterers 
with  wider  dynamic  range.  The  second  goal  is  the  develop¬ 
ment  of  optimal  mode-annihilating  radiation  boundary  opera¬ 
tors  for  the  OSRC  method. 
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The  work  oo  operators  for  truncating  FD-TD  and  FE-TD 
grids  fall  into  two  basic  categories.  The  first  category  is  the 
synthesis  of  wide-angle  radiation  boundary  operators.  Al¬ 
though  there  are  two  basic  types  of  radiation  boundary 
operators,  the  main  thrust  of  the  research  is  directed  towards 
ooe-way  wave  equation  approximations.  Here,  work  is  pro¬ 
ceeding  in  deriving  approximations  to  the  dispersion  relation 
that  will  absorb  waves  over  a  wide  range  of  angles  properly 
taking  into  account  anisotropy  and  dispersion  of  numerical 
mode  phase  velocities.  The  second  category  concerns  the 
difference  approximation  for  the  operator.  This  is  crucial  for 
the  operation  of  the  boundary  condition,  because  a  perfectly 
valid  operator  which  is  not  properly  converted  to  a  finite- 
difference  equation,  may  cause  instabilities  in  the  simulation. 

In  contrast  to  the  work  on  the  grid  truncation  operators,  the 
work  oo  surface  boundary  conditions  for  the  OSRC  method  is 
based  oa  the  optimization  of  the  mode-annihilating  radiation 
boundary  operators.  A  key  goal  of  this  research  is  to  produce  a 
surface  boundary  condition  which  can  better  predict  tangential 
energy  propagation  along  the  target's  surface.  Presently,  two 
methods  are  being  investigated  for  this  purpose.  The  first 
method  postulates  a  special  multiplicative  operator  that  models 
tangential  propagating  waves.  The  second  method  depends 
upon  the  application  of  the  OSRC  in  the  time  domain  to  obtain 
a  target  impulse  response  (30].  The  idea  is  to  adjust  the 
coefficients  in  the  operator  to  match  the  exact  response  over  a 
wide  frequency  range.  Finally,  the  operators  are  also  being 
examined  to  assess  their  ability  to  predict  the  correct  current 
singularities  on  targets  with  edges. 
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nil  paper  reviews  (he  basis  and  applications  of  the  hmv  hRerence  time-domain  (FD-TD)  numerical  modeling  approach 
for  Maxwell's  equations.  FD-TD  is  very  simple  in  concept  ana  execution  However,  it  is  remarkably  robust,  providing  highly 
accurate  modeling  predictions  (or  a  wide  variety  of  electromagnetic  wave  interaction  problems.  The  accuracy  and  breadth 
of  FD-TD  applications  will  be  illustrated  by  a  number  of  two-  and  three-dimensional  examples.  The  objects  modeled  range 
in  nature  from  simple  geometric  shapes  to  extremely  complex  aerospace  and  biological  systems.  In  all  cases  where  rigorous 
analytical,  code-to-code.  or  experimental  validations  are  possible,  FD  TD  predictivr  data  for  penetrating  and  scattered  near 
fields  as  well  as  radar  cross  sections  are  in  excellent  agreement  with  the  benchmarks.  It  will  also  be  shown  that  opportunities 
are  arising  in  applying  FD-TD  to  model  rapidly  time-varying  systems,  microwave  circuits,  and  inverse  scattering  With 
continuing  advances  in  FU-TD  modeling  theory  as  well  as  continuing  d-  ances  in  supercomputer  technology,  there  is  a 
strong  possibility  that  FI  -TD  num  -ri cal  modeling  will  occupy  an  important  place  in  high-frequency  engineering  electromag¬ 
netics  as  we  move  inco  the  1990s. 


1.  Introduction 

Accurate  numerical  modeling  of  full-vector  elec¬ 
tromagnetic  wave  interactions!  with  arbitiary  struc¬ 
tures  is  difficult.  Typic  1  structures  of  engineering 
interest  have  shapes,  apertures,  cavities,  and 
material  compositions  or  surface  loadings  which 
produce  near  8elds  that  cannot  be  resolved  into 
finite  sets  of  modes  or  rays.  Proper  numerical 
modeling  of  such  near  fields  requires  sampling  ai 
sub-wavelength  resolution  to  avoid  aliasing  of 
magni.dde  and  phase  information.  The  goal  is  (o 
provide  a  self-consistent  model  of  the  mutual 
coupling  of  the  electrically-small  cells  comprising 
the  jt-uc'ure. 

Th:s  paper  reviews  the  formulation  and  applica¬ 
tions  of  a  candidate  numerical  modeling  approach 
for  this  purpose:  the  finite-difference  time-domain 
(FD-TD)  solution  of  Maxwell’s  curl  equations- 


FD  TD  is  analogous  to  existing  finite-difference 
solutions  of  scalar  wave  propagation  an  d  ffuid-flow 
problems  in  that  the  numerical  model  is  based 
upon  a  direct  soluticn  of  the  governing  partial 
differential  equation.  Yet,  FD-TD  is  a  nontradi- 
tional  approach  to  numerical  electromagnetic 
wave  modeling  of  complex  structures  for  engineer¬ 
ing  anplicatioos,  where  frequency-dr  main  integral 
equation  approaches  such  as  fie  method  of 
moments  have  dominated  for  25  years  (see  the 
article  by  Umashankar  in  this  issue). 

One  of  the  goals  of  this  paper  is  to  demonstrate 
that  recent  advances  in  FD-TD  modeling  concepts 
and  software  implementation,  combined  with 
advances  in  computer  technology,  have  expanded 
the  scope,  accuracy,  and  speed  of  FD-TD  modeling 
to  the  point  where  it  may  be  the  preferred  choice 
for  certain  types  of  electromagnetic  wave  penetra¬ 
tion,  scattering,  guiding,  and  inverse  scattering 
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problems.  With  this  in  mind,  this  paper  will  suc¬ 
cinctly  review  the  following  FD-TD  modeling  vali¬ 
dations  and  examples: 

(1)  electromagnetic  wave  scattering,  two 
dimensions: 

(a)  square  metal  cylinder,  TM  polarization, 

(b)  circular  muscle-fat  layered  cylinder,  TE 
polarization, 

(c)  homogeneous,  anisotropic,  square  material 
cylinder,  TM  polarization, 

(d)  circular  metal  cylinder,  conformally 
modeled,  TE  and  TM  polarization, 

(e)  flanged  metal  open  cavity, 

(0  relativistically  vibrating  mirror,  oblique 
incidence; 

(2)  electromagnetic  wave  scattering,  three 
dimensions: 

(a)  metal  cube,  broadside  incidence, 

(b)  flat  conducting  plate,  multiple  monostatic 
looks, 

(c)  T-shaped  conducting  target,  multiple  mono¬ 
static  looks; 

(3)  electromagnetic  wave  penetration  and  coup¬ 
ling,  two  and  three  dimensions: 

(a)  narrow  slots  and  lapped  joints  in  thick 
screens, 

(b)  wires  and  wire  bundles  in  free  space  and  in 
a  metal  cavity; 

(4)  very  complex  three-dimensional  structures: 

(a)  missile  seeker  section, 

(b)  inhomogeneous  tissue  model  of  the  entire 
human  body; 

(5)  micvostrip  and  microwave  circuit  models, 

(6)  inverse  scattering  reconstructions  in  one  and 
two  dimensions. 

Finally,  this  paper  will  conclude  with  a  discus¬ 
sion  of  computing  resources  for  FD-TD  and  the 
potential  impact  of  massively  concurrent 
machines. 

2.  General  characteristics  of  FD-TD 

As  stated,  FD-TD  is  a  direct  solution  of  Max¬ 
well's  time-dependent  curl  equations.  It  employs 


no  .potential..  Instead,  it  applies  simple,  second- 
order  accurate  central-difference  approximations 
[  1  ]  for  the  space  and  time  derivatives  of  the  electric 
and  magnetic  fields  directly  to  the  respective 
differential  operators  of  the  curl  equations.  This 
achieves  a  sampled-data  reduction  of  the  con¬ 
tinuous  electromagnetic  field  in  a  volume  of  space, 
over  a  period  of  time.  Space  and  time  discretiz¬ 
ations  are  selected  to  bound  errors  in  the  sampling 
process,  and  to  ensure  numerical  stability  of  the 
algorithm  [2].  Electric  and  magnetic  field  com¬ 
ponents  are  interleaved  in  space  to  permit  a  natural 
satisfaction  of  tangential  field  continuity  condi¬ 
tions  at  media  interfaces.  Overall,  FD-TD  is  a- 
marching-in-time  procedure  which  simulates  the 
continuous  actual  waves  by  sampled-data  numeri¬ 
cal  analogs  propagating  in  a  data  space  stored  in 
a  computer.  At  each  time  step,  the  system  of 
equations  to  update  the  field  components  is  fully 
explicit,  so  that  there  is  no  need  to  set  up  or  solve 
a  set  of  linear  equations,  and  the  required  computer 
storage  and  running  time  is  proportional  to  the 
electrical  size  of  the  volume  modeled. 

Figure  1(a)  illustrates  the  time-domain  wave 
tracking  concept  of  the  FD-TD  method.  A  region 
of  space  within  the  dashed  lines  is  selected  for 
field  sampling  in  space  and  time.  At  time  =0,  it  is 
assumed  that  all  fields  within  the  numerical  samp¬ 
ling  region  are  identically  zero.  An  incident  plane 
wave  is  assumed  to  enter  the  sampling  region  at 
this  point.  Propagation  of  the  incident  wave  is 
modeled  by  the  commencement  of  time-stepping, 
which  is  simply  the  implementation  of  the  finite- 
difference  analog  of  the  curl  equations.  Time-step¬ 
ping  continues  as  the  numerical  analog  of  the 
incident  wave  strikes  the  modeled  target  embedded 
within  the  sampling  region.  All  outgoing  scattered 
wave  analogs  ideally  propagate  through  the  lattice 
truncation  planes  with  negligible  reflection  to  exit 
the  sampling  region.  Phenomena  such  as  induction 
of  surface  currents,  scattering  and  multiple  scatter¬ 
ing,  penetration  through  apertures,  and  cavity  exci¬ 
tation  are  modeled  time-step  by  time-step  by  the 
action  of  the  curl  equations  analog.  Self- 
consistency  of  these  modeled  phenomena  is  gen- 
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Fir  i-  Buie  elements  of  (he  FD-TC  s*ce  lattice:  (a!  time- 
domain  wave  tracking  concept;  (b)  lattice  unit  cell  in  Cartesian 
coordinates. 

erally  assured  if  their  spatial  and  temporal  vari¬ 
ations  are  well  resolved  by  the  space  and  time 
sampling  process. 

Time-stepping  is  continued  until  the  desired 
late-time  pulse  response  or  steady-state  behavior 
is  observed.  An  important  example  of  the  latter  is 
the  sinusoidal  steady  state,  wherein  the  incident 
wave  is  assumed  to  have  a  sinusoidal  dependence, 
and  time-stepping  is  continued  until  all  fields  in 
the  sampling  region  exhibit  sinusoidal  repetition. 
This  is  a  consequence  of  the  limiting  amplitude 
principle  [3].  Extensive  numerical  experimenta¬ 
tion  with  FD-TD  has  shown  that  the  number  of 
complete  cycles  of  the  incident  wave  required  to 
be  time-stepped  to  achieve  the  sinusoidal  steady 


state  is  approxir.  uely  equal  to  the  Q-factor  of  the 
structure  or  phe  omenon  being  modeled. 

Figure  1(b)  ill .  ates  the  positions  of  the  elec¬ 
tric  and  magnetic  held  components  about  a  unit 
cell  of  the  FD-TD  lattice  in  Cartesian  coordinates 
[I],  Note  that  each  magnetic  field  vector  com¬ 
ponent  is  surrounded  by  four  circulating  electric 
field  vector  components,  and  vice  versa.  This 
arrangement  permits  not  only  a  centered-difference 
analog  to  the  space  derivatives  of  the  curl 
equations,  but  also  a  natural  geometry  for 
implementing  the  integral  form  of  Faraday’s  Law 
and  Ampere's  Law  at  the  space-cell  level.  This 
integral  interpretation  permits  a  simple  but 
effective  modeling  of  the  physics  of  thin-slot  coup- 
ling,  thin-wire  coupling,  and  smoothly  curved 
target  surfaces,  as  will  be  seen  later. 


Z 


Fig.  2,  Arbitrary  three-dimen»ion»l  icatttrer  embedded  in  an 
FD-TD  lattice. 

Figure  2  illustrates  how  an  arbitrary  three- 
dimensional  scatterer  is  embedded  in  an  FD-TD 
space  lattice  comprised  of  the  unit  cells  of  Fig. 
1(b).  Simply,  the  desired  values  of  electrical  per¬ 
mittivity  and  conductivity  are  assigned  to  each 
electric  field  component  of  the  lattice.  Correspond¬ 
ingly,  desired  values  of  magnetic  permeability  and 
equivalent  conductivity  are  assigned  to  each  mag¬ 
netic  field  component  of  the  lattice.  The  media 
parameters  are  interpreted  by  the  FD-TD  program 
as  local  coefficients  for  the  time-stepping 
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algorithm.  Specification  of  media  properties  in  this 
component-by-component  manner  results  in  a 
stepped-edge,  or  staircase  approximation  of 
curved  surfaces.  Continuity  of  tangential  fields  is 
assured  at  the  interface  of  dissimilar  media  with 
this  procedure.  There  is  no  need  for  special  field 
matching  at  media  interface  points.  Stepped-edge 
approximation  of  curved  surfaces  has  been  found 
to  be  adequate  in  the  FD-TD  modeling  problems 
studied  in  the  1970s  and  early  1980$,  including 
wave  interactions  with  biological  tissues  [4], 
penetration  into  cavities  [S,  6],  and  electromag¬ 
netic  pulse  (EM P)  interactions  with  complex  struc¬ 
tures  (7-9].  However,  recent  interest  in  wide 
dynamic  range  models  of  scattering  by  curved 
targets  has  prompted  the  development  of  surface- 
conforming  FD-TD  approaches  which  eliminate 
stair-casing.  These  will  be  summarized  later  in  this 
paper. 

3.  Baaic  FD-TD  algorithm  details 


3.1.  Maxwell' s  equations 


Consider  a  region  of  space  which  is  source-free 
and  has  constitutive  electrical  parameters  that  are 
independent  of  time.  Then,  using  the  MKS  system 
of  units,  Maxwell's  curl  equations  are  given  by 


dH 

dt 


P-  P 


(1) 


a  e 

— -  S3 

at 


e 


(2) 


where  E  is  the  electric  field  in  volts/ meter;  H  is 
the  magnetic  field  in  amperes/ meter;  e  is  the  elec¬ 
trical  permittivity  in  farads/meter;  a  is  the  elec¬ 
trical  conductivity  in  mhos/  meter  (sie- 
mcns/meter);  p  is  the  magnetic  permeability  in 
henrys/meter;  and  p‘  is  an  equivalent  magnetic 
resistivity  in  ohms/meter.  (The  magnetic  resistivity 
term  is  provided  to  yield  symmetric  curl  equations, 
and  allow  for  the  possibility  of  a  magnetic  field 
loss  mechanism.)  Assuming  that  e,  cr,  p,  and  p' 
are  isotropic,  the  following  system  of  scalar 
equations  is  equivalent  to  Maxwell  s  curl  equations 


in  the  rectangular  coordinate  system  ( x .  >•,  r): 


dH,  l 

dt  p 

(3a) 

dH,  1 

dt  p 

(£-£-'4 

(3b) 

dH,m  1 

dt  p 

(3c) 

dt  *  e  ' 

{  dy  dz  ) 

(4a) 

dt  %' 

'dH.  dH,  \ 

(4b) 

3£i  W 
3/ 

'iSzJJL.^X 
k  dx  dy  7 

(4c) 

The  system  of  six  coupled  partial  differential 
equations  of  y) )  and  (4)  forms  the  basis  of  the 
FD-TD  algorithm  for  electromagnetic  wave  inter- 
act  ons  with  general  three-dimensional  objects. 
Before  proceeding  with  the  details  of  the 
algorithm,  it  is  informative  to  consider  one  impor¬ 
tant  simplification  of  the  full  three-dimensional 
case.  Namely,  if  we  assume  that  neither  the 
incident  plane  wave  excitation  nor  the  modeled 
geometry  has  any  variation  in  the  r-direction  (i.e., 
all  partial  derivatives  with  respect  to  z  equal  zero), 
Maxwell's  curl  equations  reduce  to  two  decoupled 
sets  of  scalar  equations.  These  decoupled  sets, 
termed  the  transverse  magnetic  (TM)  mode  and 
the  transverse  electric  (TE)  mode,  describe  two- 
dimensional  wave  interactions  with  objects.  The 
relevant  equations  for  each  case  follow: 

-  TM  case  (£,,  H,,  and  H,  field  components  only) 


dH, 

dt 

dH, 

dt 


dE, 

dt 


(5a) 

(5b) 

e\dx  dy  7 

(5c) 
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-  TE  case  (H„  Et.  and  E,  field  components  only) 


(6a) 

(6b) 

(6c) 

3.2.  The  Yee  algorithm 

In  1966,  Yee  [lj  introduced  a  set  of  finite- 
difference  equations  for  the  system  of  (3)  and  (4). 
Following  Yee‘s  notation,  we  denote  a  space  point 
in  a  rectangular  lattice  as 

(i,j,  k)  ■(«  Ax,j  Ay,k  Az)  (7a) 

and  any  function  of  space  and  time  as 

F"(i,J,  k ) »  F(i  Ax ,j  Ay,  k  A:,  n  At)  (7b) 

where  Ax,  Ay,  and  Az  are,  respectively,  the  lattice 
space  increments  in  the  x-,  y-,  and  r-coordinate 
directions;  At  is  the  time  increment;  and  i,  j,  k, 
and  n  are  integers.  Yee  used  centered  finite- 
difference  expressions  for  the  space  and  time 
derivatives  that  are  both  simply  programmed  and 
second-order  accurate  in  the  space  and  time  incre¬ 
ments  respectively: 


dF"(i,j,k) 

dx 


Fm(i  +  \,j,k)-F'(i-\,j,k) 
Ax 


+  0(Axl). 

(8a) 


dF"(i,J,k) 

dt 


-  n  ♦  |  /  2 


( IJ.k)-F’'-'/2(iJ,k ) 
At 


+  0(Af)- 
(8b) 


To  achieve  the  accuracy  of  (8a),  and  to  realize 
all  of  the  required  space  derivatives  of  the  system 
of  (3)  and  (4),  Yee  positioned  the  components  of 
E  and  H  about  a  unit  cell  of  the  lattice  as  shown 


in  Fig.  1(b).  To  achieve  the  accuracy  of  (8b),  he 
evaluated  E  and  H  at  alternate  half  time  steps. 
The  following  are  sample  finite-difference  time¬ 
stepping  expressions  for  a  magnetic  and  an  electric 
field  component  resulting  from  these  assumptions: 


H7' +  + 


p‘{i,J  +  \,k  +  \)At 

fc-H)  H„-{. 

.  t  p'(‘.j  +  \,k  +  \)At 
+  k  +  \) 


:(i,j  + !,  k  -t-l) 


n(i.j+\,k+\)  L  2M(/,y'  +  i, k+\) . 
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+ — at— 

e(i,j,  k  +  \)  L  2e((,;,  k  +  \)  J 
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-H:"n{i.j  +  \,k  +  \))/Ay).  (10) 


With  the  system  of  finite-difference  equations 
represented  by  (9)  and  (10),  the  new  value  of  a 
field  vector  component  at  any  lattice  point  depends 
only  on  its  previous  value  and  on  the  previous 
values  of  the  components  of  the  other  field  vector 
at  adjacent  points.  Therefore,  at  any  given  time 
step,  the  computation  of  a  field  vector  can  proceed 
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either  one  point  at  a  time;  or,  if  p  parallel  pro* 
cessors  are  employed  concurrently,  p  points  at  a 
time. 

3.3.  Numerical  stability 

To  ensure  the  stability  of  the  time-stepping 
algorithm  exemplified  by  (9)  ar.d  ( 10),  It  is  chosen 
to  satisfy  the  inequality  [2,  10] 

f  1  1  1  l',/J 

c-4,‘(i7+4?  +  4?)  ("’ 

where  cm„  is  the  maximum  electromagnetic  wave 
phase  velocity  within  the  media  being  modeled. 
Note  that  the  corresponding  numerical  stability 
criterion  set  forth  in  (7)  and  (8)  of  reference  [1] 
is  incorrect  (cf.  (2]).  For  the  TM  and  TE  two- 
dimensional  modeling  cases,  it  can  be  shown  [10] 
that  the  modified  time-step  limit  for  numerical 
stability  is  obtained  from  (11)  simply  by  setting 
Az  -oo. 

3.4.  Numerical  dispersion 

The  numerical  algorithm  for  Maxwell's  curl 
equations  represented  by  (9)  and  (10)  causes  dis¬ 
persion  of  the  simulated  wave  modes  in  the  compu¬ 
tational  lattice.  That  is,  the  phase  velocity  of 
numerical  modes  in  the  FD-TD  lattice  can  vary 
with  modal  wavelength,  direction  of  propagation, 
and  lattice  discretization.  This  numerical  disper¬ 
sion  can  lead  to  nonphysical  results  such  as  pulse 
distortion,  artificial  anisotropy,  and  pseudorefrac¬ 
tion.  Numerical  dispersion  is  a  factor  in  FD-TD 
modeling  that  must  be  accounted  to  understand 
the  operation  of  the  algorithm  and  its  accuracy 
limits. 

Following  the  analysis  in  [10],  it  can  be  shown 
that  the  numerical  dispersion  relation  for  the  three- 
dimensional  case  represented  by  (9)  and  (10)  is 
given  by 

(cTr) 

+  ^sins(iM>')  +  ^»in:(i*:Ar)  (12) 


where  k,,  ky,  and  k,  are,  respectively,  the  x-,  y-, 
and  z-components  of  the  wavevector;  a*  is  the  wave 
angular  frequency;  and  c  is  the  speed  of  light  in 
the  homogeneous  material  being  modeled. 

In  contrast  to  the  numerical  dispersion  relation, 
the  analytical  dispersion  relation  for  a  plane  wave 
in  a  continuous,  lossless  medium  is  just 

<o2/c:  =  k\  +  k;+k]  (13) 

for  the  three-dimensional  case.  Although,  at  first 
glance,  (12)  bears  little  resemblance  to  the  ideal 
case  of  (13),  we  can  easily  show  that  (12)  reduces 
to  ( 13)  in  the  limit  as  Ar,  Ax,  Ay,  and  Az  all  go  to 
zero.  Qualitatively,  this  suggests  that  numerical 
dispersion  can  be  reduced  to  any  degree  that  is 
desired  if  we  only  use  a  fine-enough  FD-TD 
gridding. 

To  quantitatively  illustrate  the  dependence  of 
numerical  dispersion  upon  FD-TD  grid  discretiz¬ 
ation,  we  shall  take  as  an  example  the  two- 
dimensional  TM  case  (Az  *«),  assuming  for  sim¬ 
plicity  square  unit  cells  (Ax  =  Ay  -  A)  and  wave 
propagation  at  an  angle  a  with  respect  to  the 
positive  x-axis  (fc,-fccoso;  k„  =  ksma).  Then, 
dispersion  relation  (12)  simplifies  to 

sin2(lruAf) 

cat/ 

*  sin:(]k  cos  a  A)  +  sin:(lfc  sin  a  A). 

(14) 

Equation  (14)  can  be  conveniently  solved  for  the 
wavevector  magnitude,  k,  by  applying  Newton's 
method.  This  process  is  especially  convenient  if  A 
is  normalized  to  the  free-space  wavelength. 

Figure  3(a)  provides  results  using  this  procedure 
which  illustrate  the  variation  of  numerical  phase 
velocity  with  wave  propagation  angle  in  the  FD- 
TD  grid.  Three  different  grid  resolutions  of  the 
propagating  wave  are  examined:  coarse  (A0/5); 
normal  (Ao/l0);  and  fine  (Ao/20).  For  each  reso¬ 
lution,  the  relation  cAr  » ]A  was  maintained.  This 
relation  is  commonly  used  in  two-  and  three- 
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dimensional  FD-TD  codes  to  satisfy  the  numerical 
stability  criterion  of  ( 1 1 )  with  ample  safety  margin. 
From  Fig.  3(a),  it  is  seen  that  the  numerical  phase 
velocity  is  maximum  at  45°  (oblique  incidence), 
and  minimum  at  0*  and  90°  (incidence  along  either 
Cartesian  grid  axis)  for  all  grid  resolutions.  This 
represents  a  numerical  anisotropy  that  is  inherent 
in  the  Yee  algorithm.  However,  the  velocity  error 
relative  to  the  ideal  case  diminishes  by  approxi¬ 
mately  a  4 : 1  factor  each  time  that  the  grid  cell  size 
is  halved,  so  that  the  worst-case  velocity  error  for 
the  normal  resolution  case  is  only  -1.3%,  and  only 
-0.31%  for  the  fine  resolution  case. 

Figure  3(b)  graphs  the  variation  of  numerical 
phase  velocity  with  grid  resolution  at  the  fixed 
incidence  angles,  45°  and  0°  (90°).  Again,  the  rela¬ 
tion  cAr-jA  was  maintained  for  each  resolution. 
Here,  it  is  seen  that  the  numerical  phase  velocity 
at  each  angle  of  incidence  diminishes  as  the  propa¬ 
gating  wave  is  more  coarsely  resolved,  eventually 
reaching  a  sharp  threshold  where  the  numerical 
phase  velocity  goes  to  zero  and  the  wave  can  no 
longer  propagate  in  the  FD-TD  grid.  This  rep¬ 
resents  a  numerical  low-pass  filtering  effect  that  is 
inherent  in  the  Yee  algorithm,  wherein  the 
wavelength  of  propagating  numerical  modes  has 
a  lower  bound  of  2  to  3  space  cells,  depending 
upon  the  propagation  direction.  As  a  result,  FD- 
TD  modeling  of  pulses  having  finite  duration  (and 
thus,  infinite  bandwidth)  can  result  in  progressive 
pulse  distortion  as  higher  spatial  frequency  com¬ 
ponents  propagate  more  slowly  than  lower  spatial 
frequency  components,  and  very  high  spatial 
frequency  components  with  wavelengths  less  than 
2  to  3  cells  are  rejected.  This  numerical  dispersion 
causes  broadening  of  finite-duration  pulses,  and 
leaves  a  residue  of  high-frequency  ringing  on  the 
trailing  edges  due  to  the  relatively  slowly  propagat¬ 
ing  high-frequency  components.  From  Figs.  3(a) 
and  3(b),  we  see  that  pulse  distortion  can  be 
bounded  by  obtaining  the  Fourier  spatial 
frequency  spectrum  of  the  desired  pulse,  and 
selecting  a  grid  cell  size  so  that  the  principal  spec¬ 
tral  components  are  resolved  with  at  least  10  cells 


per  wavelength.  This  would  limit  the  spread  of 
numerical  phase  velocities  of  the  principal  spectral 
components  to  less  than  1% ,  regardless  of  the  wave 
propagation  angle  in  the  grid. 

In  addition  to  numerical  phase  velocity 
anisotropy  and  pulse  distortion  effects,  numerical 
dispersion  can  lead  to  pseudorefraction  of  propa¬ 
gating  modes  if  the  grid  cell  size  is  a  function  of 
position  in  the  grid.  Such  variable-cell  gridding 
would  also  vary  the  grid  resolution  of  propagating 
numerical  modes,  and  thereby  perturb  the  modal 
phase  velocity  distribution.  This  would  lead  to 
nonphysical  reflection  and  refraction  of  numerical 
modes  at  interfaces  of  grid  regions  having  different 
cell  sizes  (even  if  these  interfaces  were  located  in 
free  space),  just  as  physical  waves  undergo  reflec¬ 
tion  and  refraction  at  interfaces  of  dielectric  media 
having  different  indices  of  refraction.  The  degree 
of  nonphysical  refraction  is  dependent  upon  the 
magnitude  and  abruptness  of  the  change  of  the 
modal  phase  velocity  distribution,  and  can  be  esti¬ 
mated  using  conventional  theory  for  wave  refrac¬ 
tion  at  dielectric  interfaces. 

We  have  stated  that,  in  the  limit  of  infinitesimal 
At  and  A,  ( 12)  reduces  to  ( 13),  the  ideal  dispersion 
case.  This  reduction  also  occurs  if  A/.  A,  and  the 
direction  of  propagation  are  suitably  chosen.  For 
example,  in  a  three-dimensional  cubic  lattice, 
reduction  to  the  ideal  dispersion  case  can  be 
demonstrated  for  wave  propagation  along  a  lattice 
diagonal  (k,  »  k,  *k.  =  fc/v'I)  and  Ar«A/cV3 
(exactly  the  limit  set  by  numerical  stability). 
Similarly,  in  a  two-dimensional  square  grid,  the 
ideal  dispersion  case  can  be  demonstrated  for  wave 
propagation  along  a  grid  diagonal  (It,  *  k,  -  k/\  2) 
and  At  -  A /  c-Sl  (again  the  limit  set  by  numerical 
stability).  Finally,  in  one  dimension,  the  ideal  case 
is  obtained  for  At»A/c  (again  the  limit  set  by 
numerical  stability)  for  all  propagating  modes. 

3.3.  Lattice  zoning  and  plane  wave  source  condition 

The  numerical  algorithm  for  Maxwell's  curl 
equations  defined  by  the  finite-difference  system 
reviewed  above  has  a  linear  dependence  upon  the 
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components  of  the  electromagnetic  field  vectors. 
Therefore,  this  system  can  be  applied  with  equal 
validity  to  either  the  incident-field  vector  com¬ 
ponents,  the  scattered-field  vector  components,  or 
the  total-field  vector  components  (the  sum  of 
incident  plus  scattered).  Present  FD-TD  codes  util¬ 
ize  this  property  to  zone  the  numerical  space  lattice 
into  two  distinct  regions,  as  shown  in  Fig.  4(a), 
separated  by  a  rectangular  virtual  surface  which 
serves  to  connect  the  fields  in  each  region  (1 1, 12]. 


TrurtCOfiOrt 
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Fig.  4.  Zoning  of  the  FD-TD  lime*:  U)  total  field  and  tcattcrcd 
Acid  region*,  (b)  ncar-io-fir  Acid  integration  turface  located 
in  the  scattered  Add  region. 

Region  1,  the  inner  region  of  the  FD-TD  lattice, 
is  denoted  as  the  total-field  region.  Here,  it  is 
assumed  that  the  finite-difference  system  for  the 
curl  equations  operates  on  total-field  vector  com¬ 
ponents.  The  interacting  structure  of  interest  is 
embedded  within  this  region. 

Region  2,  the  oute*  region  of  the  FD-TD  lattice, 
is  denoted  as  the  scattei  ed-field  region.  Here,  it  is 
assumed  that  the  finite-difference  system  for  the 
curl  equations  operates  only  on  scattered-field  vec¬ 
tor  components.  Thic  implies  that  there  is  no 


incident  wave  in  Region  2.  The  outer  lattice  planes 
bounding  Region  2,  called  the  lattice  truncation 
planes,  serve  to  implement  the  free-space  radiation 
condition  (discussed  in  the  next  section)  which 
simulates  the  field  sampling  space  extending  to 
infinity. 

The  total-field/scattered-field  lattice  zoning 
illustrated  in  Fig.  4(a)  provides  a  number  of  key 
features  which  enhance  the  computational  flexibil¬ 
ity  and  dynamic  range  of  the  FD-TD  method: 

Arbitrary  incident  wave.  The  connecting  condi¬ 
tion  provided  at  the  interface  of  the  inner  and  outer 
regions,  which  assures  consistency  of  the  numeri¬ 
cal  space  derivative  operations  across  the  interface, 
simultaneously  generates  an  arbitrary  incident 
plane  wave  in  Region  1  having  a  user-specified 
time  waveform,  angle  of  incidence,  and  angle  of 
polarization-  This  connecting  condition,  discussed 
in  detail  in  [10],  almost  completely  confines  the 
incident  wave  to  Region  1  and  yet  is  transparent 
to  outgoing  scattered  wave  modes  which  are  free 
to  enter  Region  2. 

Simple  programming  of  inhomogeneous  struc¬ 
tures.  The  required  continuity  of  total  tangential 
E  and  H  fields  across  the  interface  of  dissimilar 
media  is  automatically  provided  by  the  original 
Yee  algorithm  if  the  media  are  located  in  a  zone 
(such  as  Region  1)  where  total  fields  are  time- 
marched.  This  avoids  the  problems  inherent  in  a 
pure  scattered-field  code,  where  enforcement  of 
the  continuity  of  total  tangential  fields  is  a  separate 
process  requiring  the  incident  field  to  be  computed 
at  all  interfaces  of  dissimilar  media,  and  then 
added  to  the  values  of  the  time-marched  scattered 
fields  at  the  interfaces.  Clearly,  computation  of  the 
incident  field  at  numerous  points  along  possibly 
complex,  structure-specific  loci  is  likely  to  be  much 
more  involved  than  computation  of  the  incident 
field  only  along  the  simple  connecting  surface 
between  Regions  I  and  2  (needed  to  implement 
the  total-field/scattered-field  zoning).  The  latter 
surface  has  a  fixed  locus  that  is  independent  of 
the  shape  or  complexity  of  the  interaction  structure 
that  is  embedded  in  Region  I. 
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Wide  computational  dynamic  range.  Low  levels 
of  (he  total  field  in  deep  shadow  regions  or  cavities 
of  the  interaction  structure  are  computed  directly 
by  time-marching  total  fields  in  Region  1.  In  a  pure 
scattered-field  code,  however,  the  low  levels  of 
total  field  are  obtained  by  computing  the  incident 
field  at  each  desired  point,  and  then  adding  to  the 
values  of  the  time-marched  scattered  fields.  Thus, 
it  is  seen  that  a  pure  scattered-field  code  relies 
upon  near  cancellation  of  the  incident  and  scat¬ 
tered  field  components  of  the  total  field  to  obtain 
accurate  results  in  deep  shadow  regions  and 
cavities.  An  undesirable  hallmark  of  this  cancella¬ 
tion  is  contamination  of  the  resultant  low  total-field 
levels  by  subtraction  noise,  wherein  slight  percen¬ 
tage  errors  in  calculating  the  scattered  fields  result 
in  possibly  very  large  percentage  errors  in  the 
residual  total  fields.  By  time-marching  total  fields 
directly,  the  zoned  FD-TD  code  avoids  subtraction 
noise  in  Region  1  and  and  achieves  a  computa¬ 
tional  dynamic  range  more  than  30  d  B  greater  than 
that  for  a  pure  scattered-field  code. 

Far-field  response.  The  provision  of  a  well- 
defined  scattered-field  region  in  the  FD-TD  lattice 
permits  (he  near-to-far-field  transformation  illus¬ 
trated  in  Fig.  4(b).  The  dashed  virtual  surface 
shown  in  Fig.  4(b)  can  be  located  along  convenient 
lattice  planes  in  the  scattered-field  region  of  Fig. 
4(a).  Tangential  scattered  £  and  H  fields  com¬ 
puted  via  FD-TD  at  this  virtual  surface  can  then 
be  weighted  by  the  free-space  Green's  function 
and  then  integrated  (summed)  to  provide  the  far- 
field  response  and  radar  cross  section  (full  bistatic 
response  fot  the  assumed  illumination  angle)  [12- 
14],  The  near-field  integration  surface  has  a  fixed 
rectangular  shape,  and  thus  is  independent  of  the 
shape  or  composition  of  the  enclosed  structure 
being  modeled. 

3-6.  Radiation  condition 

A  basic  consideration  with  the  FD-TD  approach 
to  solve  electromagnetic  wave  interaction  prob¬ 
lems  is  that  most  computational  domains  of  inter¬ 
est  are  ideally  unbounded  or  "open".  Clearly,  no 


computer  can  store  an  unlimited  amount  of  data, 
and  therefore,  the  field  computation  zone  must  be 
limited  in  size.  A  suitable  boundary  condition  on 
the  outer  perimeter  of  the  computation  zone  must 
be  used  to  simulate  the  extension  of  the  computa¬ 
tion  zone  to  infinity.  This  boundary  condition  must 
be  consistent  with  Maxwell's  equations  in  that  an 
outgoing  vector  scattered-wave  numerical  analog 
striking  the  lattice  truncation  must  exit  the  lattice 
without  appreciable  nonphysical  reflection,  just  as 
if  the  lattice  truncation  was  invisible. 

Now,  the  vector  field  components  at  the  lattice 
truncation  planes  cannot  be  computed  using  the 
centered-differencing  approach  discussed  earlier 
because  of  the  assumed  absence  of  known  field 
data  at  points  outside  of  the  lattice  truncation 
(which  are  needed  to  form  the  central  differences). 
It  has  been  shown  that  a  suitable  lattice  truncation 
is  provided  by  implementing  a  near-field  radiation 
condition  separately  for  each  of  the  Cartesian 
tangential  electric  (or  magnetic)  vector  com¬ 
ponents  present  in  the  truncation  planes  [11-13], 
In  FD-TD  codes  to  date,  the  radiation  condition 
used  is  a  Pade  (2,0)  interpolant  of  the  factored 
(one-v/ay)  wave  equation  [15,  16]  as  differenced 
in  [II].  Higher-order  Pade  (2,2)  and  Chebyshev 
(2,  2)  interpolants  are  currently  under  study  for 
numerical  implementation  in  the  FD-TD  computer 
programs  [17]. 


4.  FD-TD  modeling  validations  for  electromagnetic 
wave  scattering,  two  dimensions 

Analytical  and  code-to-code  validations  have 
been  obtained  relative  to  FD-TD  modeling  of  elec¬ 
tromagnetic  wave  scattering  for  a  wide  variety  of 
canonical  two-dimensional  structures.  Both  con¬ 
vex  and  re-entrant  (cavity-type)  shapes  have  been 
studied;  and  structure  material  compositions  have 
included  perfect  conductors,  homogeneous  and 
inhomogeneous  lossy  dielectrics,  and  anisotropic 
dielectric  and  permeable  media.  Selected  valida¬ 
tions  will  be  reviewed  here. 
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4.1.  Square  metal  cylinder,  TM  polarization  [12] 

Here  we  consider  the  scattering  of  a  TM-polar- 
ized  plane  wave  obliquely  incident  upon  a  square 
metal  cylinder  of  electrical  size  k,s  =  2.  where  s  is 
the  side  width  of  the  cylinder.  The  square  FD-TD 
grid  cell  size  is  set  equal  to  s/20,  and  the  grid 
truncation  (radiation  boundary)  is  located  at  a 
uniform  distance  of  20  cells  from  the  cylinder 
surface. 

Figure  $  compares  the  magnitude  and  phase  of 
the  cylinder  surface  electric  current  distribution 
computed  using  FD-TD  to  that  computed  using  a 
benchmark  code  which  solves  the  frequency- 
domain  surface  electric  field  integral  equation 
(EFIE)  via  the  method  of  moments  (MOM).  The 
MOM  code  assumes  target  symmetry  and  discret¬ 
izes  one-half  of  the  cylinder  surface  with  84 
divisions.  The  FD-TD  computed  surface  current 
is  taken  as  «xHlin,  where  it  is  the  unit  normal 
vector  at  the  cylinder  surface,  and  Httn  is  the 
FD-TD  value  of  the  magnetic  field  vector  com¬ 
ponent  in  free  space  immediately  adjacent  to  the 
cylinder  surface.  From  Fig.  5,  we  see  that  the 
magnitude  of  the  FD-TD  computed  surface  current 


agrees  with  the  MOM  solution  to  better  than  *  1% 
(x0.09dB)  at  all  comparison  points  more  than 
2  FD-TD  cells  from  the  cylinder  comers  (current 
singularities).  The  phase  of  the  FD-TD  solution 
agrees  with  the  MOM  solution  to  within  ±3'  at 
virtually  every  comparison  point,  including  the 
shadow  region. 

4.2.  Circular  muscle-fat  layered  cylinder,  TE 
polarization  [18] 

Here,  we  consider  the  penetration  of  a  TE-polar- 
ized  plane  wave  into  a  simulated  biological  tissue 
structure  represented  by  a  15  cm  radius  muscle-fat 
layered  cylinder.  The  inner  layer  (radius  =  7.9  cm) 
is  assumed  to  be  comprised  of  muscle  having  a 
relative  permittivity  of  72  and  conductiv.ty  of 
0.9  S/m.  The  outer  layer  is  assumed  to  be  com¬ 
prised  of  fat  having  a  relative  permittivity  of  7.5 
and  conductivity  of  0.48  S/m.  An  illumination 
frequency  of  100  MHz  is  modeled,  with  the  FD-TD 
grid  cell  size  set  equal  to  1.5  cm  (approximately 
1/24  wavelength  within  the  muscle).  A  stepped- 
edge  (staircase)  approximation  of  the  circular  layer 
boundaries  is  used. 
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Fig.  5.  Comparison  of  FD-TD  and  frequency-domain  surface  electric  field  integral  equation  results  for  longitudinal  surface  electric 
current  distnbution  on  a  k,!  -2  square  metal  cylinder.  TM  case:  (a)  magnitude,  (b)  phase  (12). 
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Fig.  6.  Comparison  of  FD-TD  and  exact  solutions  for  penetrating  electric  field  vector  components  within  a  IS  cm  radius,  circular. 

muscle-fat  layered  cylinder,  TE  polarization,  100  MHz  [18]. 


Figure  6,  taken  from  [18],  shows  the  analytical 
validation  results  for  the  magnitude  of  the 
penetrating  electric  field  vector  components  2long 
two  cuts  through  the  muscle-fat  cylinder,  one 
parallel  to  the  direction  of  propagation  of  the 
incident  wave,  and  one  parallel  to  the  incident 
electric  field  vector.  The  exact  solution  is  obtained 
by  summing  sufficient  terms  of  the  eigenfunction 
expansion  to  assure  convergence  of  the  sum.  Excel¬ 
lent  agreement  of  the  FD-TD  and  exact  solutions 
is  noted,  even  at  jump  discontinuities  of  the  field 
(and  at  jump  discontinuities  of  the  slope  of  the 
field  distribution)  that  occur  at  the  layer  boun¬ 
daries.  This  fine  agreement  is  observed  despite  the 
stepped-edge  approximation  of  the  circular  layer 
boundaries. 

4.J.  Homogeneous,  anisotropic,  square  material 
cylinder,  TM  polarization  ( 19) 

The  ability  to  independently  specify  electrical 
permittivity  and  conductivity  for  each  £  vector 
component  in  the  FD-TD  lattice,  and  magnetic 
permeability  and  equivalent  loss  for  each  H  vector 


component,  leads  immediately  to  the  possibility  of 
using  FD-TD  to  model  material  structures  having 
diagonalizable  tensor  electric  and  magnetic 
properties.  No  alteration  of  the  basic  FD-TD 
algorithm  is  required.  The  more  complicated 
behavior  associated  with  off-diagonal  tensor  com¬ 
ponents  can  also  be  modeled,  in  principle,  with 
some  algorithm  complications  [20]. 

Recent  development  of  coupled,  surface,  com¬ 
bined-field  integral  equation  (CFIE)  theory  for 
modeling  electromagnetic  wave  scattering  by 
arbitrary-shaped,  two-dimensional,  anisotropic 
material  structures  [19]  has  permitted  detailed 
code-to-code  validation  studies  of  FD-TD 
anisotropic  models.  Figure  7  illustrates  one  such 
study.  Here,  the  magnitude  of  the  equivalent  sur¬ 
face  electric  current  induced  by  TM  illumination 
of  a  square  anisotropic  cylinder  is  graphed  as  a 
function  of  position  along  the  cylinder  surface  for 
both  the  FD-TD  and  CFIE  models.  The  incident 
wave  propagates  in  the  +y- direction  and  has  a 
+r-directed  electric  field.  The  cylinder  has  an  elec¬ 
trical  size  k?s  =  5,  permittivity  e„  =  2.  and  diagonal 
permeability  tensor  jt„  =  2  and  n,y-d.  For  the 
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Fig.  7.  Comparison  of  FD-TD  and  frequency-domain  surface 
combined-field  integral  equation  results  Tor  longitudinal  sur¬ 
face  electric  current  distribution  on  a  k^s  *■  5  square  anisotropic 
cylinder.  TM  case  ( 19 J. 


case  shown,  the  FD-TD  grid  cell  size  is  set  equal 
to  s/50,  and  the  radiation  boundary  is  located  at 
a  uniform  distance  of  20  cells  from  the  cylinder 
surface. 

From  Fig.  7,  we  see  that  the  FD-TD  and  CFIE 
results  agree  very  well  almost  everywhere  on  the 
cylinder  surface,  despite  the  presence  of  a  compli¬ 
cated  series  of  peaks  and  nulls.  Disagreement  is 
noted  at  the  cylinder  comers  where  CFIE  predicts 
sharp  local  peaks,  but  FD-TD  predicts  local  nulls. 
Studies  are  continuing  to  resolve  this  comer  phys¬ 
ics  issue. 

4.4.  Circular  metal  cylinder,  conformally  modeled, 
TE  and  TM  polarization 

A  key  flaw  in  previous  FD-TD  models  of  con¬ 
ducting  structures  with  smooth  curved  surfaces  has 


been  the  need  to  use  stepped-edge  (staircase) 
approximations  of  the  actual  structure  surface. 
Although  not  a  serious  problem  for  modeling  wave 
penetration  and  scattering  for  low-(?  metal 
cavities,  recent  FD-TD  studies  have  shown  that 
stepped  approximations  of  curved  walls  and  aper¬ 
ture  surfaces  can  shift  center  frequencies  of  res¬ 
onant  responses  by  1%  to  2%  for  Q  factors  of  3u 
to  80,  and  can  possibly  introduce  spurious  nulls 

[21] .  In  the  area  of  scattering,  the  use  of  stepped 
surfaces  has  limited  application  of  FD-TD  for 
modeling  the  important  class  of  targets  where  sur¬ 
face  roughness,  exact  curvature,  and  dielectric  or 
permeable  loading  is  important  in  determining  the 
radar  cross  section. 

Recently,  two  different  types  of  FD-TD  confor¬ 
mal  surface  models  have  been  proposed  and 
examined  for  two-dimensional  problems: 

(1)  Faraday’s  Law  contour  path  models 

[22] .  These  preserve  the  basic  Cartesian  grid 
arrangement  of  field  components  at  all  space  cells 
except  those  adjacent  to  the  structure  surface. 
Space  cells  adjacent  to  the  surface  are  deformed 
to  conform  with  the  surface  locus  Slightly 
modified  time-stepping  expressions  for  the  mag¬ 
netic  field  components  adjacent  to  the  surface  are 
derived  from  the  integral  form  of  Faraday's  Lav 
implemented  around  the  perimeters  of  trie  de¬ 
formed  celts. 

(2|  Stretched,  conforming  mein  models  (23,  24'. 
?mjr  oy  available  numerical  mesh  generation 
to  construct  non-Cartesian  grids  wVnch 
'irecomjououslyand  globally  stretched  to  confirm 
with  smoothly  shaped  structures.  Time-.ucppk.g 
esprtsiions  are  eithei  adapted  from  the  Carwian 
F I7-TD  CtSC  [23]  or  (burned  via  analogy  \j  the 
computational  fluid  dynar,.ic>  formalism  [24]. 

Research  is  ongoing  for  each  of  these  types  of 
conformal  surface  models.  Key  questionsnnclude: 
ease  of  mesh  generation;  suppression  of  numerical 
artifacts  such  as  instability,  dispersion,  pseudore¬ 
fraction,  and  subtraction  noise  limitation  of  com¬ 
putational  dynamic  range;  coding  complexity;  and 
computer  execution  time.  (See  also  the  paper  by 
Madsen  and  Ziolkowski  in  this  issue.) 
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The  accuracy  of  the  Faraday’s  Law  contour  path 
models  for  smoothly  curved  structures  subjected 
to  TE  and  TM  illumination  is  illustrated  in  Figs. 
8(a)  and  8(b)  respectively.  Here,  a  moderate-resol¬ 
ution  Cartesian  FD-TD  grid  (having  1/20 
wavelength  cell  size)  is  used  to  compute  the 
azimuthal  or  longitudinal  electric  current  distribu¬ 
tion  on  the  surface  of  a  k^a  »  S  circular  metal 
cylinder.  For  both  polarizations,  the  contour  path 
FD-TD  model  achieves  an  accuracy  of  1.5%  or 
better  at  most  surface  points  relative  to  the  exact 
series  solution.  Running  time  for  the  conformal 
FD-TD  model  is  essentially  the  same  as  for  the 
old  staircase  FD-TD  model  since  only  a  few  H 
components  immediately  adjacent  to  the  target 
surface  require  a  slightly  modified  time-stepping 
relation. 


4.5.  Flanged  metal  open  cavity  [25] 

Here,  we  consider  the  interaction  of  a  TM-polar- 
ized  plane  wave  obliquely  incident  upon  a  flanged 
metal  open  cavity.  The  open  cavity  is  formed  by 
a  flanged  parallel-plate  waveguide  having  a  plate 
spacing,  a,  of  1  m,  short-circuited  by  a  terminating 
plate  located  at  a  distance,  d,  of  1  m  from  the 
aperture.  At  the  assumed  illumination  frequency 
of  382  MHz,  k^a  -  k^d  =  8,  and  only  the  first  two 
TE  waveguide  modes  propagate  within  the  open 
cavity.  An  oblique  angle  of  incidence,  a  =30°,  is 
assumed  for  this  case. 

Figure  9  compares  the  magnitude  and  phase  of 
the  penetrating  electric  field  within  the  cavity  j  in 
from  the  aperture  computed  using  FD-TD  to  that 
computed  using  a  cavity  modal  expansion  and 
OSRC  [25].  Good  agreement  is  seen.  Figure  10 
shows  a  similar  comparison  for  the  bistatic 
radar  cross  section  due  to  the  induced  aperture 
field  distribution.  Again,  good  agreement  is 
noted.1 

'  It  should  be  noted  that  the  results  obtained  using  the  cavity 
modal  expansion  and  OSRC  represent  a  good  approximation, 
but  not  a  rigorous  solution. 


4.6.  Relativistically  vibrating  mirror,  oblique 
incidence  [26 ] 

Analytical  validations  have  been  recently 
obtained  for  FD-TD  models  of  reflection  of  a 
monochromatic  plane  wave  by  a  perfectly  conduct¬ 
ing  surface  either  moving  at  a  uniform  relativistic 
velocity  or  vibrating  at  a  frequency  and  amplitude 
large  enough  so  that  the  surface  attains  relativistic 
speeds  [26].  The  FD-TD  approach  of  [26]  is  novel 
in  that  it  does  not  require  a  system  transformation 
where  the  conducting  surface  is  at  rest.  Irst'-ad, 
the  FD-TD  grid  is  at  rest  in  the  laboratory  frame, 
and  the  computed  field  solution  is  given  directly 
in  the  laboratory  frame.  This  is  accomplished  by 
implementing  the  proper  relativistic  boundary  con¬ 
ditions  for  the  fields  at  the  surface  of  the  moving 
conductor. 

Figure  11  shows  results  for  one  of  the  more 
interesting  problems  of  this  type  modeled  so  far, 
that  of  oblique  plane  wave  incidence  on  an  infinite 
vibrating  mirror.  This  case  is  much  more  compli¬ 
cated  than  the  normal  incidence  case,  in  that  it  has 
no  closed-form  solution.  An  analysis  presented  in 
the  literature  [27]  writes  the  solution  in  an  infinite- 
series  form  using  plane-wave  expansions,  where 
the  unknown  coefficients  in  the  series  are  solved 
numerically.  This  analysis  serves  as  the  basis  of 
comparison  for  the  FD-TD  model  results  for  the 
time  variation  of  the  scattered  field  envelope  at 
points  near  the  mirror. 

Since  it  is  difficult  to  model  exactly  an  infinite 
plane  mirror  in  a  finite  two-dimensional  grid,  a 
long,  thin,  rectangular  perfectly-conducting  slab  is 
used  as  the  mirror  model,  as  shown  in  Fig.  11(a). 
Relativistic  boundary  conditions  for  the  fields  are 
implemented  on  the  front  and  back  sides  of  the 
slab.  The  other  two  sides,  parallel  to  the  velocity 
vector,  are  insensitive  to  the  motion  of  the  slab, 
and  therefore  no  relativistic  boundary  conditions 
are  required  there.  To  minimize  the  effect  of  edge 
diffraction,  the  slab  length  is  carefully  selected  so 
that  the  slab  appears  to  be  infinite  in  extent  at 
observation  point,  P,  during  a  well-defined  early- 
time  response  when  the  edge  effect  has  not  yet 
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Fig.  8.  Companion  of  Faradiy's  Law  contour-path  FD-TD  and  eaact  toluiions  for  lurfacc  electric  current  distribution  on  a  k0a  »  5 
circular  metal  cylinder:  (a)  TE  case,  azimuthal  current;  (b)  TM  cue,  longitudinal  current  [22] 


propagated  to  P.  Since  the  TM  case  does  not  pro¬ 
vide  appreciably  different  results  than  the  TE  case 
(27],  only  the  TE  case  is  considered.  From  Fig. 
11(b),  we  see  good  agreement  betw  en  the  FD-TD 


and  analytical  results  obtained  from  [27]  for  the 
envelope  of  the  cattereo  E  field  vs.  time  for  an 
incident  angle  cf  30’,  peak  mirror  speed  20%  that 
of  light,  and  observation  points  z/d  =  -5  and 
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Fig  9  Companion  of  FD-TD  and  frequency  domain  modal/OSRt  approximate  loluiion  Tor  ihe  penetrating  electric  field  dutributi 
}  meter  within  the  flanged  open  cavity:  (a)  magnitude;  (b)  phase  (25). 
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Fig.  10.  Companion  of  FD-TD  and  frequency-domain  modal/OSRC  approximate  solution  for  the  bisutic  radar  cross  section  due 
to  (he  induced  aperture  held  distribution  of  the  Banged  open  cavity  [25]. 
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Fig.  II  Comparison  of  FD-TD  and  analytical  results  for  the 
envelope  of  the  scattered  electric  field  vs.  time  fora  monochro¬ 
matic  plane  wave  illuminating  a  relativistically  vibrating  mirror 
at  a  30*  oblique  angle:  (a)  problem  geometry;  (b)  comparative 
solutions  at  two  distances  from  the  mirror  surface  (26] 


z/d  =  -50,  where  kd-\.  Similar  agreement  is 
found  for  an  even  more  oblique  angle,  60“  [26]. 
This  agreement  is  satisfying  since  the  action  of  the 
relativistically  vibrating  minor  is  so  complicated, 
generating  a  reflected  wave  having  a  spread  both 
in  frequency  and  spatial  reflection  angle,  ac  well 
as  evanescent  modes. 


3.  FD-TD  modeling  validations  for  electromagnetic 
wave  scattering,  three  dimensions 

Analytical,  code-to-code,  and  experimental  vali¬ 
dations  have  been  obtained  relative  to  FD-TD 
modeling  of  electromagnetic  wave  scattering  for  a 
wide  variety  of  canonical  three-dimensional  struc¬ 
tures,  including  cubes,  flat  plates,  and  crossed 
plates.  Selected  validations  will  be  reviewed  here. 

5.1.  Metal  cube,  broadside  incidence  [13] 

Results  are  now  shown  for  the  FD-TD  computed 
surface  electric  current  distribution  on  a  metal  cube 
subject  to  plane-wave  illumination  at  broadside 
incidence.  The  electric  current  distribution  is  com- 
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pared  to  that  computed  by  solving  a  frequency- 
domain  surface  EFIE  using  a  standard  triangular 
surface-patching  MOM  code  [13].  It  is  shown  that 
a  very  high  degree  of  correspondence  exists 
between  the  two  sets  of  predictive  data. 

The  detailed  surface  current  study  involves  a 
cube  of  electrical  size  k^s  **  2,  where  s  is  the  side 
width  of  the  cube.  For  the  FD-TD  model,  each 
face  of  the  cube  is  spanned  by  400  square  cells 
(20x  20),  and  the  radiation  boundary  is  located  at 
a  uniform  distance  of  15  cells  from  the  cube  sur¬ 
face.  For  the  MOM  model,  each  face  of  the  cube 
is  spanned  by  either  18  triangular  patches  or  32 
triangular  patches  (to  test  the  convergence  of  the 
MOM  model).  Comparative  results  for  surface 
current  are  graphed  along  two  straight-line  loci 
along  the  cube:  abed,  which  is  in  the  plane  of  the 
incident  magnetic  field;  and  ab’c'd,  which  is  in 
the  plane  of  the  incident  electric  field. 

Figure  12  compares  the  FD-TD  and  MOM 
results  for  the  magnitude  and  phase  of  the  surface 
current  along  ab'c'd.  The  FD-TD  values  agree  with 
the  high-resolution  MOM  data  to  better  than 
±2.5%  (±0.2  dB)  at  all  comparison  points.  Phase 
agreement  Tor  the  same  sets  of  data  is  better  than 
±1*.  (The  low-resolution  MOM  data  have  a  phase 
anomaly  in  the  shadow  region.)  In  Fig.  13,  compar¬ 
ably  excellent  agreement  is  obtained  along  abed, 
but  only  after  incorporation  of  an  edge  correction 
term  in  the  MOM  code  [28]  to  enable  it  to  properly 
model  the  current  singularities  at  the  cube  comers, 
h  and  c. 

5.2.  Flat  conducting  plate,  multiple  monostatic 
looks  [14,  20] 

We  next  consider  a  30  cm  x  10  cm  x  0.65  cm  flat 
conducting  plate  target.  At  1  GHz,  where  the  plate 
spans  1  wavelength,  a  comparison  is  made  between 
FD-TD  and  MOM  results  for  the  monostatic  radar 
cross  section  (RCS)  vs.  look-angle  azimuth  (keep¬ 
ing  a  fixed  elevation  angle),  as  shown  in  Fig.  14(a). 
Here,  the  FD-TD  model  uses  a  uniform  cell  size 
of  0.625  cm  (A0/48),  forming  the  plate  by  48  x  16  x 
1  cells.  The  radiation  boundary  is  located  at  a 


Fig.  12.  Companion  of  FD-TD  and  frequency-domain  surface 
electric  field  integral  equation  results  for  surface  electric  current 
distribution  along  the  E-plane  locus,  ab  c'd,  of  the  k^s  »  2 
metal  cube:  (a)  magnitude;  (b)  phase  (U). 

uniform  distance  of  only  8  cells  from  the  plate 
surface.  For  the  MOM  model,  study  of  the  conver¬ 
gence  of  the  computed  broadside  RCS  indicates 
that  the  plate  thickness  must  be  accounted  by 
using  narrow  side  patches,  and  the  space  resolution 
of  each  surface  patch  should  be  finer  than  approxi¬ 
mately  0.2  wavelength.  As  a  result,  the  MOM 
model  forms  the  plate  by  10  x  3  x  l  divisions,  yield¬ 
ing  a  total  of  172  triangular  surface  patches.  Figure 
14(a)  shows  excellent  agreement  between  the  two 
models  (within  about  ±0.2  dB). 

At  5  GHz,  the  plate  spans  9  wavelengths,  and 
the  use  of  the  MOM  model  is  virtually  precluded. 


A.  Taflovt  /  Finite-difference  time-domain  method 


565 


Fig  13.  Companion  of  FD-TD  and  frequency-domain  surface 
electric  Aeld  integral  equation  results  for  surface  elcctnc  current 
distribution  along  the  //-plane  locus,  abed,  of  the  k^s  *  2  metal 
.ube:  (a)  magnitude:  (b)  phase  (13). 

If  we  follow  the  convergence  guidelines  discussed 
above,  the  plate  would  require  approximately  SO  x 
15x1  divisions  to  properly  converge,  yielding  a 
total  of  3260  triangular  surface  patches,  and  requir¬ 
ing  the  generation  and  inversion  of  a  4890x4890 
complex-valued  system  matrix.  On  the  other  hand, 
FD-TD  remains  feasible  for  the  plate  at  9  GHz. 
Choosing  a  uniform  cell  size  of  0.3 1 25  cm 
(A0/ 10.667),  the  plate  is  formed  by  96  x  32  x  2  cells. 
With  the  radiation  boundary  again  located  only  8 
cells  from  the  plate  surface,  the  overall  lattice  size 


is  1 12  x  48  x  18,  containing  580,608  unknown  field 
components  (real  numbers).  Figure  14(b)  shows 
excellent  agreement  between  the  FD-TD  results 
and  measurements  of  the  monostatic  RCS  vs.  look 
angle  performed  in  the  anechoic  chamber  facility 
operated  by  SRI  International.  The  observed 
agreement  is  within  about  1  dB  and  1°  of  look 
angle.  As  will  be  seen  next,  this  level  of  agreement 
is  maintained  for  more  complicated  targets  having 
comer  reflector  properties 

S3.  T-shaped  conducting  target,  multiple 
monostatic  looks  [  14,  20] 

We  last  consider  the  monostatic  RCS  pattern  of 
a  T-shaped  target  comprised  of  two  flat  conducting 
plates  electrically  bonded  together.  The  main  plate 
has  the  dimensions  30  cm  x  10  cm  x  0.33  cm,  and 
the  bisecting  fin  has  the  dimensions  lOcmx 
10  cm  x  0.33  cm. J  The  illumination  is  a  9.0  GHz 
plane  wave  at  0°  elevation  angle  and  TE  polariz¬ 
ation  relative  to  the  main  plate.  Thus,  the  main 
plate  spans  9.0  wavelengths.  Note  that  look-angle 
azimuths  between  90°  and  180”  provide  substantial 
comer  reflector  physics,  in  addition  to  the  edge 
diffraction,  comer  diffraction,  and  other  effects 
found  for  an  isolated  flat  plate. 

For  this  target,  the  FD-TD  model  uses  a  uniform 
cell  size  of  0.3125  cm  (Ao/10.667),  forming  the 
main  plate  by  32  x  96  x  l  cells  and  the  bisecting  fin 
by  32  x  32  x  |  cells.  With  the  radiation  boundary 
again  located  only  8  cells  from  the  target's 
maximum  surface  extensions,  the  overall  lattice 
size  is  48  x  112  x  48,  containing  1,548,288  unknown 
field  components  (212.6  cubic  wavelengths).  Start¬ 
ing  with  zero-field  initial  conditions,  661  time  steps 
are  used,  equivalent  to  31  cycles  of  the  incident 
wave  at94KHfi. 

Figure  15  compares  the  FD-TD  predicted 
monostatic  RCS  values  at  32  key  look  angles 
between  0"  and  180”  with  measurements  performed 
by  SRI  International.  These  look  angles  are  selec- 

1  The  center  line  of  the  "bisecting"  fin  is  actually  positioned 
0.37  cm  to  the  right  of  the  center  line  of  the  main  plate.  This 
u  accounted  for  in  the  FD-TD  model. 
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Fig.  14.  Validation  or  FD-TD  multi  for  the  monostatic  radar  cross  section  of  a  rectangular,  flat  conducting  plate:  la)  versus 
frequency-domain  surface  electric  field  integral  equation  results  at  I  GHz  (plate  sixe  “  I  *  |  wavelengths);  (b)  versus  ancchoic 
chamber  measurements  at  9Ghz  (plate  size  “9*3  wavelengths)  [14,  20]. 


Fig.  15.  Comparison  of  FD-TD  modeling  predictions  with  anechoic  chamber  measurements  of  monostatic  radar  cross  section  for 
a  T-shaped  conducting  target  at  9  GHz  (target  span  «9*  3  *  3  wavelengths)  ( 14, 20). 
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ted  to  define  the  major  peaks  and  nulls  of  the 
monostatic  RCS  pattern.  It  is  seen  that  the  agree¬ 
ment  is  again  excellent:  in  amplitude,  within  about 
1  dB  over  a  total  RCS-pattern  dynamic  range  of 
40  dB;  and  in  azimuth,  within  Is  in  locating  the 
peaks  and  nulls  of  the  RCS  pattern.  Note  especially 
the  fine  agreement  for  look-angle  azimuths  greater 
than  90s,  where  there  is  a  pronounced  comer  reflec¬ 
tor  effect. 


6.  FD-TD  modeling  validations  for 
electromagnetic  wave  penetration  and  coupling, 
two  and  three  dimensions 

6.1.  Penetration  models  for  narrow  slots  and 
lapped  joints  in  thick  screens 

The  physics  of  electromagnetic  wave  trans¬ 
mission  through  narrow  slots  and  lapped  joints  in 
shielded  enclosures  must  be  accurately  understood 
to  permit  good  engineering  design  of  equipment 
to  meet  specifications  for  performance  concerning 
electromagnetic  pulse,  lightning,  high-power 
microwaves,  electromagnetic  interference  and 
compatibility,  undesired  radiated  signals,  and 
RCS.  In  many  cases,  slots  and  joints  can  have  very 
narrow  gaps  filled  by  air,  oxidation  films,  or  layers 
of  anodization.  Joints  can  be  simple  (say,  two  metal 
sheets  butted  together);  more  complex  (a  lapped 
or  ’‘furniture"  joint);  or  even  more  complex  (a 
threaded  screw-type  connection  with  random 
points  of  metal-to-meial  contact,  depending  upon 
the  tightening).  Extra  complications  arise  from  the 
possibility  of  electromagnetic  resonances  within 
the  joint,  either  in  the  transverse  or  longitudinal 
(depth)  direction. 

Clearly,  to  make  any  headway  with  this  compli¬ 
cated  group  of  problems  using  the  FD-TD 
approach,  it  is  necessary  to  develop  and  validate 
FD-TD  models  which  can  simulate  the  geometric 
features  of  generic  slots  and  joints.  Since  a  key 
geometric  feature  is  likely  to  be  the  narrow  gap  of 
the  slot  or  joint  relative  to  one  FD-TD  space  cell, 


it  is  important  to  understand  how  subcell  gaps  can 
be  efficiently  modeled. 

Three  different  types  of  FD-TD  subcell  models 
have  been  proposed  and  examined  for  modeling 
narrow  slots  and  joints: 

(1)  Equivalent  slot  loading  [29].  Here,  rules  are 
set  to  define  an  equivalent  permittivity  and  permea¬ 
bility  in  a  slot  formed  by  a  single-cell  gap  to 
effectively  narrow  the  gap  to  the  desired  degree. 

(2)  Subgridding  [30].  Here,  the  region  within 
the  slot  or  joint  is  provided  with  a  sufficiently  fine 
grid.  This  grid  is  properly  connected  to  the  coarser 
grid  outside  of  the  slot. 

(3)  Faraday's  Law  contour  path  model 
[31].  Here,  space  cells  adjacent  to  and  within  the 
slot  or  joint  are  deformed  to  conform  with  the 
surface  locus  (in  a  manner  similar  to  the  conformal 
curved  surface  model).  Slightly  modified  .time¬ 
stepping  expressions  for  the  magnetic  field  com¬ 
ponents  in  these  cells  are  derived  from  the  integral 
form  of  Faraday's  Law  implemented  about  the 
perimeters  of  the  deformed  cells. 

The  accuracy  of  the  Faraday's  Law  contour  path 
model  for  narrow  slots  and  joints  is  illustrated  in 
Figs.  16  and  17  by  direct  comparison  of  the  com¬ 
puted  gap  electric  field  distribution  against  high- 
resolution  numerical  benchmarks.  Figure  16 
models  a  0.1  wavelength  thick  conducting  screen 
which  extends  0.5  wavelength  to  each  side  of  a 
straight  slot  which  has  a  gap  of  0  025  wavelength. 
Broadside  TE  illumination  is  assumed.  Three  types 
of  predictive  data  are  compared:  ( 1 )  the  low-resol¬ 
ution  (0.1  A0)  FD-TD  model  using  the  contour 
path  approach  to  treat  the  slot  as  a  i-cell  gap;  >2) 
a  high-resolution  (0.025  A0)  FD-TD  model  treating 
the  slot  as  a  l-cell  gap;  and  (3)  a  very-high-resol- 
ution  frequency-domain  EFIE  model,  solved  via 
MOM  (having  0.0025  A0  sampling  in  the  slot) 
which  treats  the  slotted  screen  as  a  pure  scattering 
geometry.  From  Fig.  16,  we  see  that  there  is  excel¬ 
lent  agreement  between  all  three  sets  of  predictive 
data  in  both  magnitude  and  phase.  Of  particular 
interest  is  the  ability  of  the  low-resolution  FD-TD 
model,  using  the  contour  path  approach,  to  accur¬ 
ately  compute  (he  peak  electric  field  in  the  slot. 
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F>*  16  Companion  of  FD-TD  and  frequency-domain  surface 
electric  Acid  integral  equation  results  Cor  the  gap  electric  Add 
distribution  in  a  Hotted  conducting  screen,  straight  slot  case, 
TE  illumination:  (ai  magnitude;  (b)  phase  [)l]. 

Figure  17  shows  the  geometry  of  a  U-shaped 
lapped  joint  which  was  selected  for  detailed  study 
of  path-length  (depth)  power  transmission  reso- 
ances-  The  U  shape  of  the  joint  permits  adjustment 
of  the  overall  joint  path  length  without  disturbing 
the  positions  of  the  input  and  output  ports  at  A 
and  F.  A  uniform  gap  of  0.025  wavelength  is 
assumed,  as  is  a  screen  thickness  of  0.3  wavelength 
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Fig  17  Geometry  of  U-shaped  lapped  joint  in  i  conducting 
tcreen,  TE  illumination  (shown  to  scale)  [31] 


and  width  of  3  wavelengths.  Figure  18  compares 
the  gap  electric  field  distribution  within  the  joint 
as  computed  by:  (1)  a  low-resolution  (0.09  A0) 
contour  path  FD-TD  model  treating  the  gap  as 
0.28  cell;  and  (2)  a  high-resolution  (0.025  A0)  FD- 
TD  model  treating  the  gap  as  1  cell.  The  total  path 
length  A&Cblif!  within  the  lapped  joint  is 
adjusted  to  equal  0.45  wavelength,  which  provides 
a  sharp  pcnm  transmission  peak  to  the  shadow 
side  of  the  screen.  From  Fig.  18,  we  see  a  very 
good  agreement  between  the  low-  and  high-resol- 
ution  FD-TD  models,  even  though  this  is  a  numeri¬ 
cally  stressful  resonant  penetration  case. 

An  implication  of  these  results  is  that  coarse 
(0.1  A0)  FD-TD  gridding  can  be  effectively  used  to 
model  the  fine-grained  physics  of  wave  penetration 
through  subcell  slots  and  joints  if  simple  algorithm 
modifications  are  made  in  accordance  with  the 
contour  path  approach.  This  can  substantially 
reduce  computer  resource  requirements  and  cod¬ 
ing  complexity  for  FD-TD  models  of  complex 
structures.  without  sacrificing  appreciable 
accuracy  in  the  results. 


Fig.  18.  FD-TD  computed  gap  electric  Aeld  distribution  within 
the  lapped  joint  at  the  Arst  transmission  resonance:  (a) 

(31). 
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6.2.  Coupling  modtls  for  wires  and  wire  bundles 

In  equipment  design  for  threats  represented  by 
electromagnetic  pulse,  high-power  microwaves, 
and  electromagnetic  interference,  understanding 
electromagnetic  wave  coupling  to  wires  and  cable 
bundles  located  within  shielding  enclosures  is  a 
problem  that  is  complementary  to  that  of  wave 
penetration  through  apertures  of  the  shield  (such 
as  narrow  slots  and  joints).  Similar  to  the  narrow 
slot  problem,  a  key  dimension  of  the  interacting 
structure,  in  this  case  the  wire  or  bundle  diameter, 
may  be  small  relative  to  one  FD-TD  space  cell. 
Thus,  it  is  important  to  understand  how  thin,  sub¬ 
cell,  wires  and  bundles  can  be  efficiently  modeled 
if  FD-TD  is  to  have  much  application  to  coupling 
problems. 

Two  different  types  of  FD-TD  subcell  models 
have  been  proposed  and  examined  for  modeling 
thin  wires: 

(1)  Equivalent  inductance  [32].  Here,  an 
equivalent  inductance  is  defined  for  a  wire  within 
a  space  cell,  permitting  a  lumped-circuit  model  of 
the  wire  to  be  set  up  and  computed  in  parallel  with 
the  field  solution. 

(2)  Faraday's  Law  contour  path  model  (21]. 
Here,  space  cells  adjacent  to  the  wire  are  deformed 
to  conform  with  the  surface  locus  tin  a  manner 
similar  to  the  conformal  curved  surface  model). 
Mr  singularities  of  the  azimuthal  magnetic  field 
and  radial  electric  field  are  assumed  to  exist  within 
the  deformed  cells.  Slightly  modified  time-stepping 
expressions  for  the  azimuthal  magnetic  field  com¬ 
ponents  in  these  cells  are  derived  from  the  integral 
form  of  Faraday's  Law  implemented  around  the 
perimeter  of  the  deformed  cells. 

The  accuracy  of  the  Faraday's  Law  contour  path 
model  for  thin  wires  in  free  space  is  illustrated  in 
Figs.  19(a)  and  19(b).  Figure  19(a)  graphs  the 
scattered  azimuthal  magnetic  field  at  a  fixed  dist¬ 
ance  of  1/20  wavelength  from  the  center  of  an 
infinitely  long  wire  having  a  radius  ranging 
between  1/30,000  and  1/30  wavelength.  TM  illumi¬ 
nation  is  assumed.  We  see  that  there  is  excellent 
agreement  between  the  exact  series  solution  and 


i*i 

Fig.  19  Validation  Kudin  for  fh«  Ftradsys  Law  contour  path 
FD-TD  medal  for  thin  win*  in  free  ipaca :  (a I  comparison  of 
FD-TD  and  exact  solution*  for  th*  scattered  uimuthal  mag- 
natic  Bald  at  a  Bud  distance  of  1/20  wavelength  from  the  canter 
of  an  infinitely  long  wire  (at  a  function  of  wire  radius):  lb) 
comparison  of  FD-TD  and  MOM  results  for  th*  scattered 
aximulhal  magnetic  field  distribution  along  a  2  0  wavelength 
(aniiresonant)  wire  of  radius  1/300  wavelength  (21). 

the  low-resolution  (0.1  A0)  FD-TD  contour  path 
model  over  the  entire  3-decade  range  of  wire 
radius.  Figure  19(b)  graphs  the  scattered  azimuthal 
magnetic  field  distribution  along  a  2.0  wavelength 
(antiresonant)  wire  of  radius  1/300  wavelength. 
Broadside  TM  illumination  is  assumed,  and  the 
field  is  observed  at  a  fixed  distance  of  1/20 
wavelength  from  the  wire  center.  We  see  that  there 
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Fi*  20.  Companion  of  hybrid  FD-TD/MOM  mod«lnt|  predictions  with  direct  frequency-domain  electric  field  integral  equation 

results  for  induced  currents  on  a  wire  bundle  [21]. 


is  excellent  agreement  between  a  frequency- 
domain  EFIE  (MOM)  solution  sampling  the  wire 
current  at  1/60  wavelength  increments,  and  the 
low-resolution  (O.t  A0)  FD-TO  contour  path 
model. 

The  FD-TD  contour  path  model  can  be  extended 
to  treat  thin  wire  bundles,  as  well  as  single  wires. 
Figure  20  shows  the  code-to-code  validation  results 
for  the  induced  currents  on  a  bundle  comprised 
of  4  wires,  where  3  are  of  equal  length.  Here,  a 
wire  of  length  60  cm  (2.0  wavelengths)  is  assumed 
to  be  at  the  center  of  the  bundle,  and  three  parallel 
wires  of  length  30  cm  ( 1 .0  wavelength )  are  assumed 
to  be  located  at  120*  angular  separations  on  a 
concentric  circle  of  radius  5  mm  (1/60 
wavelength).  The  radii  of  all  wires  in  the  bundle 
are  equal  and  set  to  l  mm  ( 1/300  wavelength).  The 
assumed  excitation  is  in  free  space,  provided  by  a 
I  GHz  broadside  TM  plane  wave.  Following  the 
technique  of  [21  ],  the  bundle  is  replaced  by  a  single 


wire  having  varying  equivalent  radius  correspond¬ 
ing  to  the  three  sections  along  the  bundle  axis.  The 
physics  of  the  single  wire  of  varying  equivalent 
radius  is  incorporated  in  a  low-resolution  (0.1  A„) 
FD-TD  contour  path  model,  as  discussed  above. 
The  FD-TD  model  is  then  run  to  obtain  the  tangen¬ 
tial  £  and  H  fields  at  a  virtual  surface  conveniently 
located  at  the  cell  boundary  containing  the 
equivalent  wire  (shown  as  a  dashed  line  in  Fig. 
20).  These  Reids  are  then  utilized  as  excitation  to 
obtain  the  currents  induced  on  the  individual  wires 
of  the  original  bundle.  This  last  step  is  performed 
by  setting  up  an  EFIE  and  solving  via  MOM. 
Figure  20  shows  an  excellent  correspondence 
between  the  results  of  the  hybrid  FD-TD/MOM 
procedure  described  above  and  the  usual  direct 
EFIE  (MOM)  solution  for  the  induced  current 
distribution  on  each  wire  of  the  bundle 

The  hybrid  FD-TD/  MOM  procedure  for  model¬ 
ing  thin  wire  bundles  is  most  useful  when  the 
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Fig.  21.  Geometry  of  the  cylindrical  metal  shielding  enclosure 
and  internal  wire  or  wire-pair  (21]. 


modeled  wire  load  current  for  both  test  cases.  The 
two-wire  test  proved  to  be  especially  challenging 
since  the  observed  Q  factor  of  the  coupling 
response  (center  frequency  divided  by  the  half¬ 
power  bandwidth)  is  quite  high,  about  75.  Indeed, 
it  is  found  that  the  PD-TD  code  has  to  be  stepped 
through  as  many  as  80  cycles  to  approximately 
reach  the  sinusoidal  steady  state  for  illumination 
frequencies  near  the  resonant  peak  [21].  However, 
substantially  fewer  cycles  of  time-stepping  are 
needed  away  from  the  resonance,  as  indicated  in 
the  figure. 


7.  Use  of  FD-TD  for  modeling  very  complex 
three-dimensional  structures 


bundle  is  located  within  a  shielding  enclosure. 
Figures  21  and  22  show  the  geometry  and  test 
results  for  such  a  model  involving  the  variation  of 
induced  load  current  with  illumination  frequency 
for  a  single  wire  and  a  wire-pair  located  at  the 
center  of  a  cylindrical  mewl  enclosure.  The 
enclosure  is  1.0  m  high,  0.2  m  in  diameter,  and 
referenced  to  a  large  metal  ground  plane.  Approxi¬ 
mate  plane  wave  illumination  is  provided  by  an 
electrically-large  conical  monopole  referenced  to 
the  same  ground  plane.  Wave  penetration  into  the 
interior  of  the  enclosure  is  through  a  circumferen¬ 
tial  slot  aperture  (12.5  cm  arc  length,  1.25  cm  gap) 
at  the  ground  plane.  For  the  cases  studied,  an 
internal  shorting  plug  is  located  40  cm  above  the 
ground  plane.  For  the  single-wire  test,  a  wire  of 
length  30  cm  and  radius  0.495  mm  is  centered 
within  the  interior  and  connected  to  the  ground 
plane  with  a  lumped  50-ohm  load.  For  the  wire- 
pair  test,  parallel  wires  of  these  dimensions  are 
located  1  cm  apart,  with  one  wire  shorted  to  the 
ground  plane  and  the  other  connected  to  the 
ground  plane  with  a  lumped  50-ohm  load.  All 
results  are  normalized  to  a  1  V/m  incident  wave 
electric  field. 

From  Fig.  22,  we  see  that  there  is  a  good  corre¬ 
spondence  between  the  measured  and  numerically 


Two  characteristics  of  FD-TD  cause  it  to  be  very 
promising  for  numerical  modeling  of  electromag¬ 
netic  wave  interactions  with  very  complex  objects: 

(1)  Dielectric  and  permeable  media  can  be 
specified  independently  for  each  electric  and  mag¬ 
netic  field  vector  component  in  the  three- 
dimensional  volume  being  modeled.  Since  there 
may  be  tens  of  millions  of  such  vector  components 
in  large  FD-TD  models,  inhomogeneous  media  of 
enormous  complexity  can  be  specified  in  principle. 

(2)  The  required  computer  resources  for  this  type 
of  detailed  volumetric  modeling  are  dimensionally 
low,  only  of  order  N,  where  N  is  the  number  of 
space  cells  in  the  FD-TD  lattice. 

The  emergence  of  supercomputers  has  recently 
permitted  FD-TD  to  be  seriously  applied  to  a 
number  of  very  complex  electromagnetic  wave 
interaction  problems.  Two  of  these  will  now  be 
briefly  reviewed. 

7.1.  UHF  wave  penetration  into  a  missile  seeker 
section  [6,  33] 

Here,  FD-TD  is  ape  iied  to  model  the  penetra¬ 
tion  of  an  axially  incident  300  MHz  plane  wave 
into  a  metal-coated  missile  guidance  section.  The 
FD-TD  model,  shown  in  Fig.  23,  contains  the 
following  elements:  (I)  magnesium  fluoride 
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Fi,.  22.  Companion  of  hybrid  FD-TD/MOM  modeling  predictions  with  experimental  data  for  induced  load  current:  (a)  single 
wire  in  shielding  enclosure,  lb)  wire  pair  in  shielding  enclosure  (21]. 


infrared  dome;  (2)  circular  nose  aperture;  (3)  cir¬ 
cumferential  sleeve-fitting  aperture  23  cm  aft 
(loaded  with  fiberglass);  (4)  head-coil  assembly, 
(5)  cooled  detector  unit  with  enclosing  phenolic 
ring;  (6)  pre-amp  can;  (7)  wire  bundle  connecting 
the  detector  unit  to  the  pre-amp  can;  (8)  wire 
bundle  connecting  the  pre-amp  can  to  the  metal 


backplane,  and  (9)  longitudinal  metal  support 
rods.  The  fiberglass  structure  of  the  nose  cone  and 
its  metalization  are  approximated  in  a  stepped-  ♦ 

surface  manner,  as  is  the  infrared  dome. 

For  this  structure,  the  FD-TD  model  uses  a 
uniform  cell  size  of  Jem  (Ao/300),  with  an  over¬ 
all  lattice  size  of  24x100x48  cells  containing 
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F.g  2)  FD-TD  model  of  (he  miuile  seeker  section,  showing  comoonent  maicrials:  (a)  at  the  vertical  symmetry  plane;  lb)  at  ihe 

t.orironul  observaiitn  plane  [6.  J3]. 


690,000  unknown  field  components.  (A  single  sym¬ 
metry  plane  is  used,  giving  an  effective  lattice  size 
of  48x100  x  48.)  The  model  is  run  for  1800  time 
steps,  equivalent  to  3.0  cycles  of  the  incident  wave 
at  300  MHz. 

Figure  24  plots  contour  maps  of  the  FD-TD 
computed  field  vector  components  at  the  symmetry 
plane  of  the  model.  An  important  observation  is 
that  the  simulated  wire  bundles  connecting  the 
cooled  detector  unit,  pre-amp  can,  and  metal  back¬ 


plane  are  paralleled  by  high-level  magnetic  field 
contours  (Fig.  24(b)).  This  is  indicative  of  substan¬ 
tial,  uniform  current  flow  along  each  bundle.  Such 
current  flow  would  generate  locally  a  magnetic 
field  looping  around  the  wire  bundle  which,  when 
“cut”  by  the  symmetry  plane,  shows  up  as  parallel 
field  contours  spaced  equally  on  each  side  of  the 
bundle.  Using  a  simple  Ampere's  Law  argument, 
the  common-mode  bundle  currents  can  be  calcu¬ 
lated,  thus  obtaining  a  key  transfer  function 
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Fig.  24.  FD-TD  computed  contour  maps  of  penetra  6rl«  ctot  components  in  the  vertical  symmetry  plane  of  the  missile  seeker  section: 
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between  free-field  incident  UHF  plane  wave  power 
density  and  coupled  wire  currents  [33].  As  stated 
earlier,  this  information  is  useful  for  studies  of 
vulnerability  of  electronic  systems  to  upset  due  to 
both  natural  and  man-made  electromagnetic 
phenomena. 

Although  this  missile  seeker  model  was  com¬ 
posed  to  demonstrate  the  capability  of  FD-YD  to 
map  fields  penetrating  into  a  complex  structure 
having  multiple  apertures  and  realistic  internal 
engineering  details,  it  should  be  understood  that 
the  full  bistatic  radar  cross  section  pattern  of  the 
structure  is  available  as  a  byproduct  with  virtually 
no  additional  effo it.  Further,  w.th  'he  Jem  space 
resolution  used,  the  FD-TD  radar  cross  section 
model  would  be  useful  up  to  9  GHz. 

7.2.  Whole-body  human  dosimetry  at  Vh!  and 
UHF  frequencies  [34,  35] 

Here.  FD-TD  is  applied  to  model  the  penetra¬ 
tion  of  plane  waves  at  VH  ind  UHF  frequencies 
into  the  entire  human  body.  Directly  exploiting 
the  ability  of  FD-TD  to  model  media 
inhomogeneities  down  to  the  space-cell  level, 
highly  realistic  three-dimensional  FD-TD  tissue 
models  of  the  complete  body  have  been  construc¬ 
ted.  Specific  electrical  parameters  are  assigned  to 
each  of  the  electric  field  vector  components  at  the 
16,000  to  40,000  space  cells  comprising  the  body 
model.  Assignments  are  based  upon  detailed  cross- 
section  tissue  maps  of  the  body  (as  obtained  via 
cadaver  studies  available  in  the  medical  literature), 
and  cataloged  measurements  of  tissue  dielectric 
properties.  Uniform  FD-TD  space  resolutions  as 
fine  as  1.3  cm  throughout  the  entire  human  body 
have  proven  feasible  with  the  Cray-2. 

Figure  25,  taken  from  [35],  shows  the  FD-TD 
computed  contour  maps  of  the  specific  absorption 
rate  (SAR)  distribution  along  horizontal  cuts 
through  the  head  and  liver  of  the  three- 
dimensional  inhomogeneous  man  model.  In  Fig. 
25(a),  the  incident  wave  has  a  power  density  of 
1  mW/cm!  at  350  Mhz,  while  in  Fig.  25(b),  the 
incident  wave  has  the  same  power  density  but  is 


at  100  MHz.  These  erntour  maps  illustrate  the  high 
level  of  detail  of  local  features  of  the  SAR  distribu¬ 
tion  that  is  petiole  via  FD-TD  modeling  for  highly 
realistic  tissue  models. 


8-  FD-TD  micros  trip  and  microwave  circuit  models 

Recently,  FD-TD  modeling  has  been  extended 
to  provide  detailed  characterizations  of  micro¬ 
strips,  resonators,  finlines,  a.  two-dimensional 
microwave  circuits.  In  [36],  FD-TD  is  used  to 
calculate  the  dispersive  characteristics  of  a  typical 
microstrip  on  a  gallium  arsenide  substrate.  A 
Gaussian  pulse  excitation  is  used,  and  the  effective 
dielectric  constant  and  characteristic  impedance 
vs.  frequency  is  efficiently  obtained  over  a  broad 
frequency  range  via  Fourier  ransform  of  the  time- 
domain  field  response. 

In  [37],  FD-TD  is  first  used  to  obtain  resonant 
frequencies  of  several  three-dimensional  cavities 
loaded  by  dielectric  blocks.  Next,  the  resonant 
frequency  of  a  (inline  cavity  is  computed.  Last,  the 
resonar'  frequencies  or  a  microstrip  cavity  on 
anisotropic  substrate  are  obtained,  and  the  disper¬ 
sion  characteristics  of  the  microstrip  used  in  the 
cavity  are  calculated.  FD-TD  modeling  results  are 
compared  primarily  to  those  obtained  using  the 
transmission  line  matrix  (TLM)  approach,  and  the 
two  methods  are  found  to  give  practically  the  same 
results.  (See  also  the  paper  by  Johns  in  this  issue 
[pp.  597-610].) 

In  [38],  a  modified  version  of  FD-TD  is  presen¬ 
ted  which  provides  central-difference  time-step¬ 
ping  expression.,  for  distributions  of  voltage  and 
surface  current  density  along  arbitrary-shaped 
two-dimensional  microwave  circuits.  This 
approach  is  quite  different  from  that  of  [36,  37], 
which  utilize  the  original  volumetric  field  sampling 
concept  for  FD-TD.  As  a  result,  the  n.ethod  of 
(33)  requires  fewer  unknowns  to  be  solved,  and 
avoids  the  need  lor  a  radiation  boundary  condi¬ 
tion.  However,  an  auxiliary  condition  is  required 
to  describe  the  loading  effects  of  the  fringing  fields 
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Fig.  25.  FD-TD  computed  contour  map*  of  the  specific  absorption  rate  due  to  r'letratir,,  electromagnetic  fields  within  a  highly 
realistic,  three-dimensional  model  of  the  entire  human  body:  la)  along  a  horizontal  through  the  head  at  550  MHz;  <b)  along  a 

horizontal  cut  through  the  liver  at  100  MHz  [35] 
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a(  ie  edges  of  the  microstrip  conducting  paths. 
Figure  26,  taken  from  [38],  shows  the  FD-TD 
computed  5-parameter,  |5},|,  as  a  function  of 
frequency  for  a  two-port  microstrip  ring  circuit. 
The  ring  circuit,  gridded  as  shown  in  the  figure, 
has  an  inner  radius  of  4  mm,  outer  radius  of  7  mm, 
substrate  relative  permittivity  of  10  and  relative 
permeability  of  0.93  (simulating  duroid),  and  is 
connected  to  two  50-ohm  lines  making  a  90s  angle. 
The  broadband  response  of  the  circuit  is  obtained 


using  a  single  FD-TD  run  for  an  appropriate  pulse 
excitation,  followed  by  Fourier  transformation  of 
the  desired  response  time-domain  waveform.  From 
Fig.  26,  we  see  good  agreement  of  the  predicted 
and  measured  circuit  response  over  the  2-12  GHz 
frequency  band  and  a  dynamic  range  of  about 
30  dB.  Reference  [38]  concludes  that  the  applica¬ 
tion  of  its  FD-TD  approach  to  arbitrarily-shaped 
microstrip  circuits  is  encouraging,  but  more  work 
is  needed  to  determine  the  modeling  limitations, 


<»> 

Fig.  2S.  Companion  of  FD-TD  modeling  prediction!  with  measurement*  of  |Sj,|  for  a  two-port  micronnp  ring  circuit:  la)  geometry 
and  griddmg  of  micronnp  circuit;  (b)  comparative  result*  over  2-I2GHi  [31). 
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especially  at  higher  frequencies  where  media  dis¬ 
persion  can  become  important. 


9.  FD-TD  inverse  scattering  reconstructions  in 
one  and  two  dimensions 

Initial  work  has  demonstrated  the  possibility  of 
accurately  reconstructing  one-dimensional  profiles 
of  permittivity  and  conductivity  (39],  and  the  shape 
and  dielectric  compositions  of  two-dimensional 
targets  (40,  41]  from  minimal  scattered  field  pulse 
response  data.  The  general  approach  involves  set¬ 
ting  up  a  numerical  feedback  loop  which  uses  a 
one-  or  two-dimensional  FD-TD  code  as  a  for¬ 
ward-scattering  element,  and  a  specially  construc¬ 
ted  non-linear  optimization  code  as  the  feedback 
element.  FD-TD  generates  a  test  pulse  response 
for  a  trial  layering  or  target  shape/ composition. 
The  test  pulse  is  compared  to  the  measured  pulse, 
and  an  error  signal  is  developed.  Working  on  this 
error  signal,  the  nonlinear  optimization  element 
perturbs  the  trial  layering  or  target  shape/ composi¬ 
tion  in  a  manner  to  drive  down  the  error.  Upon 
repeated  iterations,  the  proposed  layering  or  target 
ideally  converges  to  the  actual  one,  a  strategy 
similar  to  that  of  [42], 

The  advantage  of  working  in  the  time  domain 
is  that  a  layered  medium  or  target  shape  can  be 
reconstructed  sequentially  in  time  as  the  wavefront 
of  the  incident  pulse  sweeps  through,  taking  advan¬ 
tage  of  causality.  This  reduces  the  complexity  of 
reconstruction  since  only  a  portion  of  the  layering 
or  target  shape  is  being  generated  at  each  iteration. 
Advanced  strategies  for  reconstruction  in  the  pres¬ 
ence  of  additive  noise  may  involve  the  use  of 
prediction/correction,  where  the  trial  layer  or 
target  shape  is  considered  to  be  a  predictor  of  the 
actual  case,  which  is  subsequently  corrected  by 
optimization  of  the  entire  layered  medium  or  target 
shape  using  the  complete  scattered  pulse 
waveform. 

Figure  27  shows  the  application  of  the  basic 
FD-TD  feedback  strategy  to  a  one-dimensional 
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Fig.  27.  Application  of  the  FD-TD -feedback  strategy  to  recon¬ 
struct  a  one-dimensional  "sawtooth  "  vanation  of  electrical 
permittivity  and  conductivity  in  the  absence  of  noise  f 39] 


layered  medium  in  the  absence  of  noise.  Both  the 
electrical  permittivity  and  conductivity  of  the 
medium  vary  in  a  "sawtooth"  manner  with  depth. 
The  curves  show  simulated  measured  data  for  the 
reflected  pulse  for  three  cases  defined  by  the  peak 
values  of  the  conductivity  (0.001  S/m,  0.01  S/m. 
and  0.1  S/m)  and  the  corresponding  spatially  coin¬ 
cident  peak  values  of  relative  permittivity  (3,  2, 
and  4)  of  the  medium.  In  each  case,  the  incident 
pulse  is  assumed  to  be  half-sinusoid  spanning 
50  cm  between  zero  crossings.  Noting  that  the  dark 
dots  superimposed  on  the  "sawtooth"  represent 
the  reconstructed  values  of  permittivity  and  con¬ 
ductivity,  we  see  that  the  basic  FD-TD  feedback 
strategy  is  quite  successful  in  the  absence  of  noise 
[39]. 

Figure  28  shows  the  application  of  the  FD-TD 
feedback  strategy  to  reconstruct  a  two-dimensional 
lossy  dielectric  target.  The  target  is  a  30  cm  x  30  cm 
square  cylinder  having  a  uniform  conductivity  of 
0.01  S/m,  and  a  tent-like  relative  permittivity 
profile  which  starts  at  2.0  at  the  front  and  left  sides 
and  increases  linearly  to  a  peak  value  of  4.0  at  the 
back  comer  on  the  right  side.  These  profiles  are 
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Fig.  38  Application  of  ih«  FD-TD/fcedbick  itntegy  to  reconstruct  ■  two-dimensional  lossy  dielectric  target  in  the  presence  of 

noiie  [41], 


illustrated  in  a  perspective  manner  at  the  top  of 
Fig.  28.  The  target  is  assumed  to  be  illuminated 
by  a  TM  polarized  plane  wave  that  is  directed 
toward  the  front  of  the  target  (as  visualized  at  the 
top  of  Fig.  28).  The  incident  waveform  is  a  3-cycle 
sinusoidal  tone  burst  having  a  60  MHz  carrier 
frequency.  For  the  reconstruction,  the  only  data 
utilized  is  the  time-domain  waveform  of  the  scat¬ 
tered  electric  field  as  observed  at  two  points.  These 
points  are  located  1  m  from  the  front  of  the  target, 
and  are  positioned  1 5  cm  to  either  side  of  the  target 
center  line.  To  simulate  measured  data,  the  FO-TD 
computed  scattered  field  waveforms  are  contami¬ 
nated  with  additive  Gaussian  noise.  In  all  of  the 


reconstructions,  the  target  shape  and  location  is 
assumed  to  be  known. 

From  Fig.  28,  we  see  that  for  a  signal/ noise  ratio 
of  40  dB,  the  average  error  in  the  reconstructed 
permittivity  and  conductivity  profiles  is  1.5%  and 
2.3%  respectively.  If  the  signal/ noise  ratio  is 
reduced  to  20  dB,  the  average  errors  increase  to 
6.9%  and  10.4%,  respectively  [41].  Research  is 
ongoing  to  determine  means  of  improving  the  noise 
performance,  especially  using  predictor/corrector 
techniques  briefly  discussed  earlier.  Given  the  rela¬ 
tively  small  amount  of  scattered  field  data  utilized, 
the  FD-TD  feedback  strategy  appears  promising 
for  future  development. 
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10.  Very  large-scale  computer  software 

The  FD-TD  method  is  naturally  suited  for  large- 
scale  processing  by  state-of-the-art  vector  super¬ 
computers  and  concurrent  processors.  This  is 
because  essentially  all  of  the  arithmetic  operations 
involved  in  a  typical  FD-TD  run  can  be  vectorized 
or  cast  into  a  highly  concurrent  format.  Further, 
the  0(  N)  demand  for  computer  memory  and  clock 
cycles  (where  N  is  the  number  of  lattice  space 
cells)  is  dimensionally  low,  and  permits  three- 
dimensional  FD-TD  models  of  structures  spanning 
50-100  A0  to  be  anticipated  by  the  early  1990s. 
Table  1 


Computation  times 


Machine 

10-wavelength  model 
present  FD-TD  code* 

VAX  1 1/780  (no  floating-point 
accelerator) 

40  Oh 

Cray-2  (single  processor,  using 
the  VAX  Fortran) 

12.0  mm 

Cray-2  (single  processor,  some 
code  optimization) 

2.0  mm 

Cray-2  (four  processors,  some 
code  optimization) 

1  mm  (est.) 

True  lOGftop  machine 

2  sec  (est.) 

*  I  55  ■  10*  unknown  field  vector  components,  Ml  time  Kept 
(T-shaped  target).  The  complete  bistatic  RCS  pattern  is 
obtained  Tor  a  single  illumination  angle  at  a  single  frequency. 
Times  are  increased  by  50%  -100%  if  an  impulsive  illumi¬ 
nation/Fourier  transform  is  used  to  obtain  the' bistatic  RCS 
panem  at  a  multiplicity  of  frequencies  within  the  spectrum  of 
the  impulsive  illumination. 

Let  us  now  consider  computation  times  of  pres¬ 
ent  FD-TD  codes.  Table  1  lists  computation  times 
(derived  either  from  benchmark  runs  or  based  on 
analysts'  estimates)  for  modeling  one  illumination 
angle  of  a  10  A0  three-dimensional  structure  using 
the  present  FD-TD  code.  Note  that  the  fourth 
computing  system  listed  in  the  table  is  a 
hypothetical  nest-generation  machine  operating  at 
an  average  rate  of  10  Gflops.  This  capability  is 
generally  expected  to  be  available  in  the  early 
1990s. 

From  Table  1,  it  is  fairly  clear  that  steadily 
advancing  supercomputer  technology  will  permit 


routine  engineering  usage  of  FD-TD  for  modeling 
electromagnetic  wave  interactions  with  electri- 
cally-large  structures  by  1995. 

An  interesting  prospect  that  has  recently  arisen 
is  the  reduction  of  the  0(  N)  computational  burden 
of  FD-TD  to  0(S'n).  This  possibility  is  a  con¬ 
sequence  of  the  appearance  of  the  Connection 
Machine  (CM),  which  has  tens  of  thousands  of 
simple  processors  and  associated  memories 
arranged  in  a  highly  efficient  manner  for  processor- 
to-processor  communication.  With  the  CM.  a 
single  processor  could  be  assigned  to  store  and 
time-step  a  single  row  of  vector  field  components 
in  a  three-dimensional  FD-TD  space  lattice.  For 
example,  1.5-  10*  processors  would  be  sufficient 
to  store  the  6  Cartesian  components  of  E  and  H 
for  each  of  the  500  x  500  rows  of  a  cubic  lattice 
spanning  50  A„  (assuming  10  cells/A0  resolution). 
FD-TD  time-stepping  would  be  performed  via  row 
operations  mapped  onto  the  individual  CM  pro¬ 
cessors.  These  row  operations  would  be  performed 
concurrently.  Thus,  for  a  fixed  number  of  lime 
steps,  the  total  running  time  would  be  proportional 
to  the  time  needed  to  perform  a  single  row 
operation,  which  in  turn  would  be  proportional  to 
the  number  of  field  vector  components  in  the  row, 
or  O (Nui). 

For  the  50  A0  cubic  lattice  noted  above,  this 
would  imply  a  dimensional  reduction  of  the  com¬ 
putational  burden  from  0(500’)  to  0(500),  a 
tremendous  benefit.  As  a  result,  it  is  conceivable 
that  a  suitably  scaled  CM  could  model  one  illumi¬ 
nation  angle  of  a  50  A„  three-dimensional  structure 
in  only  a  few  seconds,  achieving  effective  floating¬ 
point  rates  in  the  order  of  100  Gflops.  For  this 
reason,  FD-TO  software  development  for  the  CM 
is  a  promising  area  of  research  for  developing 
ultralarge  numerical  models  of  electromagnetic 
wave  interactions  with  complex  structures. 

11.  Conclusion 

This  paper  has  reviewed  the  basic  formulation 
of  the  FD-TD  numerical  modeling  approach  for 
Maxwell's  equations.  A  number  of  two-  and  three- 
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dimensional  examples  of  FD-TD  modeling  of  elec¬ 
tromagnetic  wave  interactions  with  structures  were 
provided  to  indicate  the  accuracy  and  breadth  of 
FD-TD  applications.  The  objects  modeled  range 
in  nature  from  simple  geometric  shapes  to 
extremely  complex  aerospace  and  biological  sys¬ 
tems.  In  all  cases  studied  to  date  where  rigorous 
analytical,  code-to-code,  or  experimental  valida¬ 
tions  were  possible,  FD-TD  predictive  data  for 
penetrating  and  scattered  near  fields  as  well  as 
radar  cross  section  were  in  excellent  agreement 
with  benchmark  data.  It  was  also  shown  that 
opportunities  are  arising  in  applying  FD-TD  to 
rapidly  time-varying  systems,  microwave  circuits, 
and  inverse  scattering.  With  continuing  advances 
in  FD-TD  modeling  theory,  as  well  as  continuing 
advances  in  vector  and  concurrent  supercomputer 
technology,  there  is  a  strong  possibility  that  FD-TD 
numerical  modeling  will  occupy  an  important 
place  in  high-frequency  engineering  electromag¬ 
netics  as  we  move  into  the  1990s. 
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Abrtrset—Tk*  riwwnwilc  tcaiiariafl  proppnJt*  of  ■  mer¬ 
it,  perfecslr  toadactlag  minor  an  aaaJrxad  uJ«|  •  prw  aaaertcal  lack* 
oI*m  bind  oa  ih«  fliMUfinKi  Urn*  doaiin  (FD-TD)  Mlod.  TBit 
aawerksl  tatkniqa*  t>  laiqae  la  lka<  it  4or*  aol  rtqulrt  a  lytiam  «**»- 
forautioa  •fear*  iM  oBJasi  b  a(  ml  bal  gl*«  a  aotaiioa  to  the  problea  di¬ 
rectly  la  (be  Laboratory  tnm.  Flrn.  two  caaoaicaJ  oae-dlaKasioaal  caatt 
an  eoartdered.  (be  aaiformiy  0K>vlag  aad  ib«  ealforaUy  nbraUag  mirror. 
Niawkil  retail*  tor  lb«  Matured  field  ipedna  an  coas pared  lo  avail¬ 
able  aaalytkai  retail*,  aad  aa  excelleai  agree ■*«(  b  deaoeM rated.  Tbc 
a  Willy  of  i  be  FD-1D  model  lo  obuia  i  be  pByiks  ot  tbe  deaHe- Doppler 
effect  (for  (be  aaiform  traaaUdoa  rate),  aad  FM-bke  reflected  tpectram 
(for  Ibe  oalfona  vibrallo*  rate)  b  big  blighted.  Soto  ad.  Ibe  method  b 
etteoded  lo  l«o-dtnea*ioa»  abet*  a  plaae  wit*  al  obURM  lartdeac*  oa 
aa  iaflali*  t|  bra  (lag  mirror  b  coabdered.  A  food  airoemeai  with  pab- 
Ibbed  retells  b  demoatt rated  for  ibb  case  Thb  a*w  approach  bated  oa 
FD-TD  provide*  a  pole*  daily  strong  tool  lo  aamertcally  model  *  variety 
Of  proMem*  larotviag  mevlag  aad  elbratlag  scailertrt  where  aJteraaUve 
aaalytlcai  or  aeawrkal  modeUas  Beaa*  an  ao<  aeaHaWa. 

I.  Introduction 

THE  ANALYTICAL  THEORY  of  electromagnetic  wave 
scattering  by  moving  bodies  has  been  developed  prin¬ 
cipally  for  canonical  one-,  two-,  and  three-dimensional  struc¬ 
tures  [1],  (2].  (3).  Canonical  problems  considered  include  pla¬ 
nar  conducting  and  dielectric  interfaces  in  uniform  translation 
or  vibration  (4],  uniformly  moving  random  rough  surfaces 
(5).  uniformly  moving  or  vibrating  cylindrical  and  spherical 
shapes  [6],  (7],  [8],  and  simple  rotating  shapes  (9).  Motivation 
for  pursuing  such  analyses  has  been  provided  in  part  by  re¬ 
search  in  the  generation  of  millimeter  and  submilli meter  waves 
using  the  interaction  of  microwaves  with  rclativisiically  mov¬ 
ing  ionization  (plasma)  fronts  or  electron  beam  fronu  (10], 
(111- 

Existing  analytical  theory  in  this  area  models  the  physics 
of  a  reflecting  surface  in  uniform  translation  or  vibration  by 
employing  system  transformations  where  the  surface  is  at  rest. 
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Difficulties  arise  when  attempting  such  analyses  for  general 
two-  or  three-dimensional  scatterers,  since  closed-form  solu¬ 
tions  cannot  be  obtained  when  the  scatterer  shape,  compo¬ 
sition,  translation,  and  surface  vibration  are  arbitrary.  Yet. 
such  genera]  problems  arise  as  more  detailed  information  is 
required  concerning  microwave  interactions  with  moving  or 
oscillating  charged  panicle  beams  of  finite  cross  section. 

This  paper  introduces  a  purely  numerical  approach  for 
modeling  scattering  by  relativistically  moving  perfectly  con¬ 
ducting  bodies  based  upon  the  finite-difference  time-domain 
(FD-TD)  method  [12)-[24].  This  approach  uses  no  system 
transformation  and  gives  the  solution  directly  in  the  labo¬ 
ratory  frame.  It  exploits  the  detailed  time-domain  modeling 
characteristics  of  FD-TD.  and  has  the  potential  to  permit 
computation  of  accurate  solutions  for  moving/vibrating  rigid 
body  problems  of  substantially  more  complexity  than  exist¬ 
ing  analytical  approaches.  The  work  presented  here  includes 
derivation  of  the  necessary  modifications  of  FD-TD  for  the 
relativistic  body  case,  and  validations  for  uniform  translation 
and  vibration  in  one  and  two  dimensions  against  existing  an¬ 
alytical  theory.  The  ability  of  the  FD-TD  model  to  obtain  the 
physics  of  the  double-Doppler  effect  (for  uniform  translation), 
and  FM-like  reflected  spectrum  (for  vibration),  will  be  high¬ 
lighted.  A  subsequent  paper  will  address  the  extension  of  the 
new  approach  to  treat  convex,  conducting,  two-dimensional 
bodies  subject  to  uniform  relativistic  translation  and/or  vibra¬ 
tion. 

The  present  paper  is  organized  as  follows.  Section  II  briefly 
summarizes  (he  background  of  the  basic  FD-TD  method,  and 
then  describes  the  basis  and  FD-TD  numerical  implementa¬ 
tion  of  the  required  relativistic  electromagnetic  field  boundary 
conditions.  Section  UI  discusses  validation  studies  for  the  uni¬ 
formly  moving  mirror  in  one  dimension.  Section  IV  discusses 
validation  studies  for  the  uniformly  vibrating  mirror  also  in 
one  dimension  Section  V  presents  a  two-dimensional  case 
study  of  the  oblique  incidence  with  comparative  results.  Last, 
Section  VI  provides  the  summary  and  conclusions. 

II.  Description  op  the  Numerk  al  Method 
A.  Background  of  the  Basic  FD-TD  M  ethod 

In  (he  mid-1960's.  Yee  introduced  a  computationally  ef¬ 
ficient  means  of  directly  solving  Maxwell's  time -dependent 
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curl  equations  using  finite  differences  [12],  now  designated 
as  the  finite-difference  time  domain  method.  With  this  ap¬ 
proach.  the  continuous  electromagnetic  field  in  a  finite  vol¬ 
ume  of  space  is  sampled  at  discrete  points  in  a  space  lattice 
and  at  discrete  points  in  time.  Wave  propagation,  scanering. 
and  penetration  phenomena  are  modeled  in  a  self-consistent 
manner  by  marching  in  time,  that  is.  repeatedly  implementing 
the  finite-difference  analog  of  the  curl  equations  at  each  lat¬ 
tice  point.  This  results  in  a  simulation  of  the  continuous  actual 
waves  and  sampled-data  numerical  analogs  propagating  in  a 
data  space  stored  in  a  computer  Space  and  time  sampling  in¬ 
crements  are  selected  to  avoid  aliasing  of  the  continuous  field 
distribution,  and  to  guarantee  stability  of  the  time-marching 
algorithm  (13).  Time  marching  is  completed  when  the  desired 
steady-state  field  behavior  is  observed. 

The  basic  FD-TD  method  permits  the  modeling  of  electro¬ 
magnetic  wave  interactions  with  a  level  of  detail  comparable 
to  that  of  the  widely  used  method  of  moments  [25].  Further, 
its  explicit  nature  leads  to  overall  computer  storage  and  run¬ 
ning  time  requirements  that  are  linearly  proportional  to  N.  the 
number  of  field  unknowns  in  the  finite  volume  of  space  being 
modeled.  These  two  attributes  permit  FD-TD  to  provide  de¬ 
tailed  numerical  models  of  wave  interactions  with  structures 
having  volumetric  complexity,  such  as  biological  tissues  [14] 
and  loaded  cavities  [15],  [16], 

For  the  present  work,  it  has  been  necessary  to  modify  the 
basic  FD-TD  formulation  to  model  moving,  perfectly  con¬ 
ducting.  scatterers.  The  most  simple,  "brute-force"  approach 
would  be  to  simply  let  the  scatterer  occupy  slightly  different 
positions  in  the  space  lattice  at  each  time  step.  This  corre¬ 
sponds  to  the  quasi-steady-state  method  [4],  which  has  been 
adopted  in  certain  analytical  solution  approaches.  Although 
this  method  gives  an  approximate  answer  when  applied  to 
FD-TD.  as  will  be  seen  in  Section  111,  it  does  not  completely 
provide  the  proper  physics.  An  appropriate  relativistic  elec¬ 
tromagnetic  field  boundary  condition,  discussed  next,  must 
also  be  incorporated  into  the  FD-TD  code  at  the  surface  of 
the  scatterer.  Fbi  unately,  this  condition  is  easy  to  derive  in  a 
form  suitable  for  FD-TD  implementation. 

B.  The  Relativistic  Boundary  Conditions  in  the  FD-TD 
Code 

There  are  a  number  of  ways  to  solve  for  the  scattered  field 
from  a  moving  object.  In  general,  the  desired  analytical  so¬ 
lution  for  the  scattered  field  can  be  obtained  by  a  Lorentz 
transformation  of  the  incident  field  to  the  moving  system,  and 
solution  for  the  scattered  field  in  the  frame  of  reference  of 
the  moving  system  126] .  In  this  reference  frame,  the  scatterer 
surface  is  stationary  and  the  electromagnetic  boundary  con¬ 
ditions  are  well  defined  The  inverse  Lorentz  transformation 
(hen  provides  the  final  answer  in  the  laboratory  frame.  How¬ 
ever.  a  direct  solution  that  is  more  straightforward  (and  shorter 
in  some  cases)  is  possible  in  the  laboratory  frame  without  a 
Lo.entz  transformation  if  one  uses  what  is  defined  as  the  "rel¬ 
ativistic  boundary  conditions”  at  a  moving  interface  between 
medium  I  and  medium  2.  The  derivation  of  these  conditions, 
in  its  general  form,  is  well  presented  in  [3]  and  yields 

un  x  (E,  -  £,)  -  (u„  •  vhBj  -  §,)  »  0  ( la) 


tin  •  (Di  —  D\)  —  p,  (lb) 

u„  x  ( ft2  -  &t)  +  («*  •  ~ hB,  -  D,)  ~  J,  (Ic) 

u»  ■  (B2  -  Bt)  =  o  dd) 

where  E„D„H„  and  B,  are,  respectively,  the  electric  field, 
electric  flux  density,  magnetic  field,  and  magnetic  flux  density 
in  medium  I  and  2;  pt  and  J,  denote  the  surface-charge  and 
current  densities:  IT  is  the  velocity  of  the  moving  interface 
(assumed  to  be  uniform),  and  u„  is  the  unit  vector  normal  to 
the  interface. 

It  is  important  to  note  from  (1)  that  a  scatterer  motion  trans¬ 
verse  to  the  surface  plane  (perpendicular  to  the  surface  nor¬ 
mal)  results  in  boundary  conditions  similar  to  that  of  a  fixed 
object,  simply  because  the  term  un  •  tr„  is  now  equal  to  0. 
it  should  further  be  noted  that  (1)  implies  that  the  tangen¬ 
tial  £-field  at  the  surface  of  a  perfectly  conducting  moving 
boundary  can  be  finite.  However,  this  does  not  result  in  an 
infinite  surface  current  density  because  the  usual  expression. 
7  =  <*E.  for  current  density  in  a  material  of  conductivity  a 
is  no  longer  valid.  Instead,  for  a  uniformly  moving  object, 
the  total  induced  current  is  the  result  of  a  conduction  current 
plus  an  extra  term.  Defining  J  as  the  ratio  v/c.  c  being  the 
velocity  of  light  in  free  space,  the  total  current  is  given  by 

7  «  a(E  +  I Tx  E)  — -  *  —  (2) 

V  l  -02 

where,  for  a  perfect  conductor.  E  +  tr  x  B  =  0  from  (1); 
and  therefore  the  surface  current  density  7,  remains  finite.  In 
many  references,  only  small  velocities  are  considered  and  the 
term  J?2  it  neglected  compared  to  1 . 

In  the  derivation  of  the  above  equations,  no  assumption  is 
made  on  the  speed  u  relative  to  the  speed  of  light  c.  hence  the 
name  relativistic  boundary  conditions.  The  only  assumption 
made  is  that  the  speed  v  is  uniform.  However,  the  same  rela¬ 
tivistic  boundary  conditions  derived  for  uniform  c  have  been 
widely  applied  to  study  accelerating  bodies,  under  certain  con¬ 
dition*  where  the  acceleration  is  sufficiently  low  [4],  [27], 
Here,  a  new  reference  frame  called  the  "co-moving  frame" 
or  "instantaneous  frame"  is  introduced-  The  difference  is  that 
now  the  velocity  v  in  ( I )  represents  the  instantaneous  velocity 
instead  of  the  uniform  velocity.  The  term  "Doppler  approx¬ 
imation"  [2]  is  also  used  to  denote  analyses  wherein  it  is 
assumed  (hat  the  instantaneous  velocity  equals  a  uniform  ve¬ 
locity.  It  is  not  within  the  scope  of  this  paper  to  discuss  the 
details  of  this  theory  Its  validity  in  rotating  coordinates  has 
been  investigated  by  Shiozawa  [27],  The  reader  can  also  refer 
to  the  presentation  given  in  (4)  and  (9). 

For  a  perfectly  conducting  moving  surface,  the  boundary 
condition  (la)  relates  linearly  the  local  values  of  the  instan¬ 
taneous  total  tangential  £•  and  H-f\ elds  at  the  surface  of  the 
conductor  (lit  side)  This  relation,  similar  in  form  to  that  of 
a  surface  impedance,  presents  a  problem  lor  implementing  in 
the  FD-TD  code  which  computes  /;'  and  //  values  separated 
by  half-step  intervals  in  tunc  .mil  space  It  is  necessary  to 
derive  an  equivalent  lorm  ol  ihc  icl.iiivisiH  iHMimluiy  condi¬ 
tion  for  perfectly  conduct  illy*  mu  t . i ■  rs  lh.it  r.  mil  <  <  ini  i  .idle  Ini  y 
with  this  half-step  nonlocali/.iii-.ii  «d  tn-M  v.iin. . In  l  l> 
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TD  code.  Derivation  of  such  an  equivalent  form  is  given  in 
the  Appendix. 

Using  the  results  of  the  Appendix,  the  relativistic  boundary 
condition  for  a  moving  mirror  (in  a  form  appropriate  for  FD- 
TD  implementations)  is  given  by 


or 


where  £  and  E'  are,  respectively,  the  total  tangential  electric 
Field  and  the  incident  tangential  electric  field  values  at  the 
mirror  surface.  B  and  B‘  are,  respectively,  the  total  tangential 
magnetic  field  and  the  incident  tangential  magnetic  field  values 
at  the  mirror  surface. 

Now,  the  value  of  the  total  tangential  electric  field  at  the 
mirror  surface  is  given  in  terms  of  the  incident  electric  field 
value  at  the  boundary.  The  latter  is  easily  obtained  from  a  par¬ 
allel  one-dimensional  grid  already  built  into  the  FD-TD  code 
as  a  look  up  table.  Implementation  of  the  boundary  condition 
for  a  moving  mirror  now  becomes  a  simple  matter.  At  each 
half-time  step  when  the  £-field  and  the  //-field  are  computed, 
respectively,  the  position  of  the  reflecting  mirror  in  the  grid 
is  first  determined.  Then,  the  relativistic  boundary  conditions 
,3)  or  (4)  for  the  field  values  at  the  surface  of  the  mirror  are 
implemented 


r  b. 

Fig.  I.  FD-TD  field  component  geometry  for  the  moving  mirror  case  in  a 
one -dimensional  FD-TD  gnd. 


By  applying  Ampere's  law,  a  similar  contour  integral  can  be 
derived  to  compute  the  total  £-field  adjacent  to  the  mirror 
surface  [22). 

ID.  The  Case  of  a  Uniformly  Moving  Mirror, 
Normal  Illumination 

A.  Existing  Analytical  Formulation 

An  incident  sinusoidal  plane  wave  of  frequency  u,  (illumi¬ 
nation  frequency)  and  unit  amplitude  is  normally  incident  on 
a  uniformly  moving  mirror.  Referring  to  Fig.  1.  a  positive 
mirror  velocity  u  means  that  the  mirror  is  receding  from  the 
incident  wave,  and  a  negative  mirror  velocity  means  that  the 
mirror  is  advancing  toward  the  incident  wave.  The  scattered 
electric  field  is  given  by  [2] 


C.  Approximation  of  E  and  H  Adjacent  to  a  Moving 
Surface 

The  question  arises  as  to  the  "alue  of  the  incident  electric 
field  when  the  position  of  the  mirror  does  not  coincide  with 
a  point  in  the  grid.  For  this  purpose,  linear  interpolation  is 
used.  From  the  geometry  of  Fig.  1, 


£'at  mirror  = 


(3,  -A)  ■  E‘(j  +  1)  +  A  ■  E‘(j) 

6, 


(5) 


The  value  of  the  total  electric  field  at  the  mirror  surface  is 
stored  at  the  total  electric  field  grid  point  closest  to  the  surface. 
No  extra  grid  points  are  introduced.  In  Fig.  I  for  example, 
the  value  of  the  total  electric  field  at  the  boundary  is  stored 
at  the  E(j  +  I)  point  if  A  <  6,  -  A  and  at  the  E(j)  point  if 
A  >  5,  -  A. 

Next,  a  Faraday's  law  contour  integral  is  used  to  compute 
the  total  H- field  adjacent  to  the  mirror  surface.  (The  idea  of 
contour  integral  subcell  models  has  been  previously  used  in 
the  FD-TD  analysis  of  wave  penetration  through  narrow  slots 
in  thick  conducting  screens  (22)  and  coupling  to  wires  and 
wire  bundles  (23).)  Applying  Faraday’s  law,  given  by 


(6) 


along  the  path  defined  in  Fig.  1 .  and  assuming  that  the  H- field 
is  almost  uniform  in  the  shaded  region,  we  obtain 

dB 

(E(j  +  1)  -  E[j ))  •  5;  =  -fi  —  bt  ■  (b,  -  A).  (7) 


£/(>. 0 


■ 

r  i-n 

_ c 

f  \ 

exp  j 

(u,r  -  ky)  +  2jk 

r0  -  vlo 

1  +  - 

l  -  - 

(8) 


IA  cj  V.  e  J  J 

where  yo  =  v(t  -  t0)  +  r0  is  the  position  of  the  mirror 
boundary  with  respect  to  a  reference  point,  and  r0  and  to 
are  some  initial  values.  (For  simplicity,  we  set  both  ro  and 
to  equal  to  0.)  A  "double-Doppler"  effect  is  apparent  from 
(8)  in  that  both  the  frequency  and  amplitude  of  the  scattered 
field  are  transformed  by  the  same  multiplying  factor  defined 
as  a  =  [I  -  (v/c))/[  1  +  (i//c)). 


B.  FD-TD  Modifications  Considered 

Three  different  FD-TD  algorithm  modifications  for  the 
electromagnetic  boundary  condition  at  a  moving  surface,  dis¬ 
cussed  in  Section  U-B,  have  been  considered  in  numerical  tests 
of  whether  FD-TD  can  properly  model  the  double-Doppler 
effect. 

1)  The  Quasi-Stationary  Method—  Here,  the  mirror  is 
assumed  stationary  for  a  complete  one-time-step  inter¬ 
val.  The  relativistic  boundary  conditions  are  not  imple¬ 
mented.  Only  the  position  of  the  mirror  is  determined 
after  each  full  time  step.  A  contour  integral  model  is 
used  when  necessary  io  compute  more  exactly  the  H- 
and/or  £-field  next  to  the  mirror  surface.  Such  a  method 
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table  i 

Double-Doppler  SHIFTS  AS  OBTAINED  BY  FD-TD  and 
analytically,  for  Three  different  models 
and  a  Given  velocity 


Case 

v/c 

Reflected  Amplitude 

i  Reflected  Frequency 

Analytical 

|  FD-TD 

Analytical 

FD-TD 

Reference 

0 

1  . 

1  1 

1 

1 

Quaaistatic 

•1/3 

1 

0  at  w  #  2 

|  0.9783 

0  0427  at  w  =»  9* 

2 

o 

Semi  relativistic 

-1/3 

2 

0  at  w  2 

1.994 

0.1308  at  w  a  9* 

2 

j 

2 

Full  relativistic 

1 

-1/3 

2 

0  at  ^  2 

1.994 

0.0523  at  s  9' 

2  i 

2 

"  Spurious  frequency  components 


will  give  the  proper  shift  in  frequency  buc  leaves  the 
amplitude  unchanged  as  the  theory  predicts  [2]. 

2)  The  Semirelativistic  Method— Here,  the  relativistic 
boundary  condition  is  implemented  each  time  for  the  £- 
field  only.  In  other  words,  only  (3)  is  used.  The  value 
of  the  total  £-field  at  the  mirror  surface  is  stored  at  the 
closes:,  total  £-field.  grid  point  to  the  mirror  surface. 
No  extra  grid  point  is  introduced.  A  contour  integral 
model  is  used  to  compute  the  //-field  next  to  the  mir¬ 
ror  surface.  This  method  should  be  enough  to  model 
the  proper  physics  of  the  problem.  However,  usage  of 
a  contour  integral  model  makes  the  program  more  dif¬ 
ficult  to  generalize  for  arbitrary  mirror  velocities. 

3)  The  Fully-Re/ativistic  Method—  Here,  the  relativistic 
boundary  condition  is  implemented  each  half-time  step 
for  both  the  £-field  ar.d  the  H- field  using  (3)  and  (4) 
respectively.  This  case  does  not  require  a  contour  inte¬ 
gral  model  since  now  the  //-field,  next  to  the  mirror,  is 
computed  from  (4).  This  method  was  found  to  be  more 
accurate  and  more  general  than  the  previous  method. 

In  all  the  above  three  cases,  the  fields  behind  the  mirror 
are  set  to  zero 

C.  Comparative  FD-TD  and  Analytical  Results 

Let  us  consider  the  case  of  a  mirror  illuminated  at  normal 
incidence  by  a  unit-amplitude  sinusoidal  plane  wave  having 
a  normalized  frequency,  w,  *  I.  The  mirror  is  assumed  to 
be  advancing  toward  the  incident  wave  at  one-third  the  speed 
of  light  (v  =  -c/3).  Table  I  shows  double-Doppler  shifts  as 
obtained  analytically  and  by  FD-TD  for  the  three  relativistic 
moving  surface  models.  The  spatial  frequency  spectrum  of 
the  reflected  wave  is  obtained  by  taking  the  Fourier  transform 
of  the  FD-TD  computed  field  versus  position  sample  after 
20  cycles  had  been  stepped  The  spatial  frequency  is  scaled 
such  that  a  value,  w  =  10,  corresponds  to  the  FD-TD  grid 
Nyquist  frequency  (the  maximum  spatial  frequency  that  the 
FD-TP  grid  can  support  as  a  sampled-data  system). 

It  is  seen  that  the  quasi-stationary  boundary  conditions 
cause  the  FD-TD  code  to  generate  a  reflected-wave  spatial  fre¬ 
quency  component  with  the  proper  upward  Doppler  frequency 
shift  (to  u  =  2|  leaving  the  amplitude  almost  unchanged  as 
predicted  by  the  analytical  theory  of  (2).  The  semirelativis- 


tic  boundary  condition  provides  the  proper  Doppler  shifts  in 
both  the  frequency  and  magnitude  (again  of  a  shift  of. 2:1) 
with  a  small  spurious  frequency  component.  The  fully  rela¬ 
tivistic  boundary  condition,  causes  a  further  damping  of  the 
undesired  frequency  component.  For  both  the  semi-relativistic 
and  fully-rclativistic  cases,  the  error  in  the  computed  ampli¬ 
tude  of  the  properly  shifted  spectral  component  at  w  =  2  is 
only  0.3  percent  (0.026  JB).  The  FD-TD  computed  spurious 
frequency  component  near  w  =  9  is  limited  to  6.54  percent 
(-23-7  dB)  in  the  semirelativistic  case  and  to  2.62  percent 
(  —  316  dB)  in  the  fully  relativistic  case. 

Table  II  shows  double-Doppler  results  obtained  for  eight 
different  mirror  velocities  using  only  the  fully  relativistic 
boundary  condition.  In  aJI  of  these  cases,  FD-TD  generates 
a  reflected  wave  with  the  proper  Doppler  shifts  in  both  fre¬ 
quency  and  amplitude.  The  error  in  the  FD-TD  computed 
amplitude  of  the  properly  shifted  spectral  component  is  lim¬ 
ited  to  less  than  1.5  percent  (0.131  dB).  and  the  generation 
of  spurious  frequency  components  is  limited  to  less  than  5 
percent  ( -26  dB).  These  spurious  components  are  numerical 
artifacts  due  to  the  interpolation  process  used  in  computing 
the  incident  field  at  the  mirror  surface  (Section  Il-C),  and  the 
storing  of  the  surface  field  values  at  the  closest  grid  point 
(Section  Il-B).  As  observed  in  Table  II ,  these  artifacts  disap¬ 
pear  when  the  mirror  velocity  equals  c/2  where,  at  every  time 
step,  the  mirror  position  corresponds  exactly  to  a  grid  field 
point. 


IV.  The  Uniformly  Vibrating  Mirror 
A.  Existing  Analytical  Formulation 

Referring  to  Fig.  ) .  (he  exact  form  of  the  scattered  field 
from  a  linearly  vibrating  mirror  is  given  by  a  set  of  two  equa¬ 
tions  128).  (29): 

d  y 

t  =  t o  +  -  sin(ui,.r0) -  (9a) 

c  c 


E'Ayt) 


I  -  3  cos(u>,/0) 
I  +  ,3  cos  (w,.r0j 


cos(u i,t0  -  kd  sin(wvr0l) 


(9b) 


where  w,  is  the  frequency  of  the  incident  wave;  y0 
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TABLE U 

Double-Doppler  shifts  as  obtained  by  FD-TD  and 
analytically,  for  Uniform  velocities 


v/c 

!  Reflected  Amplitude 

Reflected  F 

requenev 

Analytical 

FdTP 

AneiyticAl 

Fb  TD 

1/3 

2.000 

0  it  D  #  2 

1  9940 

0.0523  it  w  =  9* 

2.000 

2000 

T7T 

I.SOOO 

0  it  D  t  l  5000 

il509 

0  0660  <t  -u  -  7- 
0.0751  at  w  a  9* 

0555 

t  5000 

•t  P 

1  3333 

0  At  d  jt  l  3333 

1  3239 

0  0613  At  D  a  4- 
0  0465  At  u  -  5- 

1  3333 

1  3333 

1/2 

0  3333 

0  »t  ^  *  0.3333 

0264 

0  At  d  /  0.3333 

0  3333 

0  3333 

1/3 

0.5000 

0itw,i  0  5000 

0535 

0  0410  At  d  *  4* 

0555 

0  5000 

1/4 

! 

~  0  60t)0 

Oat  0  6000 

0  5590 

0  0061  At  _>  =  4- 
0  0021  At  d  =  3" 

0.6000 

0  6000 

17l1 

0  6666 

0  »t  0.6000 

0  6587 

0  0560  at  -9  =  5* 
0.0164  at  w  »  6* 

0  6000 

0  6000 

i/: 

0  7500 

0  at  -r  0.7500 

0.7416; 

0  0514  At  „■  =  2- 
0  0153  At  -i  =  4- 

0  7500 

[ 

0  7500 

'  Spurious  frequency  components 


d  sin  (w„/)  describes  the  displacement  of  the  mirror  vibrating 
with  a  frequency,  wv  and  0  =  u>ud/c  =  tw/c.  Equation 
(9b)  can  also  be  written  in  a  Fourier  series  expansion, 

E'(y,t)  ~  -Re  £ 

m  « 

r 


v. 

(10a) 


J -m  (am) 


1  + 


m 

- TT37 

m  +  2  — 

«.  J 


where 


m  +  2  —  ).  (10b) 

w»  / 

The  scattered  field  spectrum  thus  contains  the  incident  fre¬ 
quency  to,  and  an  infinity  of  sidebands  located  at  to,  +  mu, 
generated  by  the  vibration  of  the  mirror. 

The  scattered  field  spectrum  for  the  vibrating  mirror  is  very 
similar  to  the  spectrum  of  an  FM  tone-modulated  signal.  In 
both  cases,  an  infinity  of  sidebands  located  at  +  mu, j  is 
generated,  where  <oc<.„ ,  is  a  center  frequency  (the  illuminating 
frequency  for  the  vibrating  mirror  case,  the  carrier  frequency 
for  the  FM  case);  and  to4  is  the  sideband  separation  (the  vi¬ 
bration  frequency  for  the  mirror  case,  the  modulating  tone 
frequency  for  the  FM  case)  Further,  in  both  cases,  the  spec¬ 
tral  amplitude  of  the  mth  sideband  is  proportional  to  a 
Bessel  function  of  order  m.  For  the  vibrating  mirror,  the  ar¬ 
gument  of  the  Bessel  function  depends  on  the  amplitude  and 
frequency  of  vibration;  for  FM,  the  argument  depends  upon 
the  amplitude  and  frequency  of  the  modulating  tone. 


am  =  m3  +  2kd 


-< 


cj„=0.1wi  ,  /?=  0.1c,  0|=0° 


£Oi-4cjv  CJ|-2  U,  COj  £Oi  +  2  COv  COi  +  4-COv 

Fig  2.  Coir,  jnson  of  FD-TD  and  analytical  results  for  the  sidebands  of 
the  reflected  spectrum  •  e»act  values:  o  FD-TD  values 


B.  FD-TD  Modeling  Procedure 

In  modeling  the  vibration  of  the  mirror  with  the  FD  TD 
code,  we  follow  the  same  procedure  as  for  the  uniformly  mov¬ 
ing  mirror,  but  use  only  the  fully  relativistic  boundary  con¬ 
dition,  and  assume  that  we  are  in  a  region  where  the  theory 
of  the  “co-moving  frame"  is  still  applicable  [4).  Our  interest 
will  be  mainly  in  the  variation  of  the  scattered  field  amplitude 
at  the  fundamental  frequency  id,,  as  a  function  of  mirror  vi¬ 
bration  frequency  <o„,  and  amplitude  d  It  is  dear  from  (10) 
that  at  the  fundamental  frequency,  where  m  =  0,  the  exact 
solution  for  the  magnitude  of  the  scattered  field  leads  to  a 
J0{2kd)  dependence,  where  2kd  =  20(to,/wv). 

C.  Comparative  FD-TD  and  Analytical  Results 

Fig.  2  shows  the  magnitudes  of  the  sideband  components 
of  the  reflected  field  spectrum  for  a  vibrating  mirror  having 
a  vibration  frequency  to„,  equal  to  0.1  times  the  illumination 
frequency  to,;  and  a  maximum  mirror  surface  velocity  equal  to 
0. 1  times  the  speed  of  light.  The  plotted  values  are  computed 
using  both  the  exact  solution  of  (10)  and  the  FD-TD  method 
with  fully  relativistic  boundary  conditions  and  a  spatial  reso¬ 
lution  of  20  cells  per  wavelength  of  the  illuminating  wave.  An 
excellent  correspondence  is  noted  between  the  exact  and  FD- 
TD  numerical  data.  The  error  in  computing  the  magnitude  of 
the  reflected  component  at  the  illuminating  frequency  is  only 
0.27  percent  (0.02  dB). 

As  mentioned  earlier,  an  important  test  for  the  FD-TD  ap¬ 
proach  is  to  compare  the  variation  of  the  scattered  field  am¬ 
plitude  at  the  illuminating  frequency  with  the  exact  solution 
as  mirror  vibration  parameters  are  changed.  Noting  that  the 
exact  solution  states  that  the  argument  of  the  Bessel  func¬ 
tion  weight  for  this  spectral  component  is  dependent  upon 
the  product  of  maximum  normalized  mirror  velocity,  i3,  and 
10,/ui,..  the  FD-TD  modelirg  procedure  should  trace  out  the 
same  Bessel  function  variation  of  the  scattered  field  ampli¬ 
tude  at  the  illuminating  frequency  regardless  of  w  hether  3  is 
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Fig  3.  Companion  of  FD-TD  and  analytical  reiultt  for  the  scattered  field 

magnitude  al  the  illumination  frequency.  •:  exact  values,  o:  FD-TD  valuei 

for  u,  =  5«v.  A:  FD-TD  values  for  8  •*  0.1c. 

varied  while  keeping  w,/^  fixed,  or  whether  w,/we  is  varied 
while  keeping  0  fixed.  Fig.  3  graphs  the  results  of  numerous 
trials  of  the  FD-TD  procedure  wherein  these  parametric  stud¬ 
ies  (and  corresponding  Fourier  analyses)  were  conducted  with 
the  fully-relativistic  boundary  conditions  incorporated  into  the 
FD-TD  code.  For  the  first  case  where  0  is  varied  from  0  to 
0.5,  the  ratio  of  illumination  frequency  to  mirror  vibra¬ 
tion  frequency  is  fixed  at  5;  and  the  product  of  20 (w, /<*>„) 
varies  between  0  and  5.  For  the  second  case  where  0  is  fixed 
at  0. 1.  w,/ui„  is  varied  from  0  to  25;  and  again  the  product  of 
2j3(w,/w„)  varies  between  0  and  5. 

Fig.  3  shows  that  the  FD-TD  numerical  predictions  for  the 
scattered  field  amplitude  at  the  illuminating  frequency  are  very 
close  to  the  Bessel  function  J0  behavior  given  by  the  exact  so¬ 
lution  as  the  mirror  vibrational  parameters  vary.  The  accuracy 
of  the  FD-TD  predicted  scattered  field  amplitude  is  essentially 
the  same,  regardless  of  whether  0  is  fixed  or  is  fixed 
during  the  parametric  study.  These  results  indicate  that  the 
FD-TD  code,  with  fully  relativistic  boundary  conditions  at 
the  mirror  surface,  is  properly  modeling  the  physics  of  the 
vibrating  mirror  problem,  including  the  interesting  scattered 
field  null  at  the  first  zero  of  the  Bessel  function. 

V.  Extension  of  Method  to  Two-Dimensions 

A.  Problem  Description:  Oblique  Incidence  on  a  Vibrating 
Mirror 

In  this  section  we  consider  the  case  of  oblique  plane  wave 
incidence  on  an  infinite  vibrating  mirror.  This  case,  analyzed 
by  De  Zutter  (30),  is  much  more  complicated  than  the  normal 
incidence  case  in  that  it  has  no  closed-form  solution.  The 
solution  is  written  in  an  infinite-series  form  using  plane-wave 
expansions,  where  the  unknown  coefficients  in  the  series  are 
obtained  numerically,  as  described  in  (30).  In  that  paper,  the 
field  amplitude  versus  time  is  calculated  at  different  points 
along  the  symmetry  axis  of  the  mirror,  and  for  various  angles 
of  incidence. 


B.  FD-TD  Modeling  Procedure 


An  approach  analogous  to  the  one-dimensional  case  is 
adopted  to  implement  the  relativistic  boundary  conditions  in  a 
two-dimen$io>',a]  FD-TD  code.  The  two-dimensional  case  ap¬ 
proach  is  again  based  on  the  "Doppler  approximation"  (2). 
(28),  (30),  where  it  is  assumed  that  the  mirror  moves  with  a 
uniform  velocity  equal  to  the  instantaneous  vibrational  value. 
Propagation  delays  are  accounted  for  by  assuming  that  reflec¬ 
tions  are  generated  at  the  "precursor"  position  of  the  mirror. 
In  (28),  an  analysis  of  the  normal  incidence  case,  the  precur¬ 
sor"  positions  coincide  for  all  points  of  the  mirror.  In  (30),  an 
analysis  of  the  oblique  incidence  case,  this  feature  is  lost,  and 
a  similar  approximate  solution  ignores  the  propagation  delays. 
However,  propagation  delays  are  automatically  accounted  for 
in  the  FD-  TD  code  by  virtue  of  its  time-domain  nature. 

From  the  special  theory  of  relativity,  a  wave  reflected  from 
a  uniformly  moving  mirror  has  a  reflected  angle  0,.  given  as 
(26) 


.  cos  0,(1  +  02)  -  20 
C0S  '  1  -  20  cos  0/  +  02 


(11) 


A  derivation  similar  to  the  one-dimensional  case  leads  to  the 
following  relativistic  boundary  conditions  suitable  for  FD-TD 
implementation: 


„  .  /3(cos  0,  +  cos  6,)  cl 

l  ±0  cos  0, 


(12) 


(cos  0,  +  cos  0,) 
cos  0,(1  ±  0  cos  0f) 


H1 


(13) 


where  0  «*  v/c  and  the  fields  refer  to  total  tangential  field  val¬ 
ues.  The  numerical  steps  involved  are  now  only  slightly  more 
complicated  because  of  the  angular  dependence  of  the  incident 
field  values  at  the  mirror  surface.  From  (1 1)  it  is  clearly  seen 
that  cos  0,  is  a  function  of  v.  Therefore,  the  reflected  wave 
has  a  spread  both  in  frequency  and  spatial  reflection  angle 
(30). 

A  validation  is  sought  for  the  oblique  incidence  case  of 
the  infinite  plane  mirror  modeled  by  De  Zutter.  Since  it  is 
impossible  to  exactly  model  an  infinite  mirror  in  a  finite 
two-dimensional  grid,  we  select  a  long,  thin,  rectangular, 
perfectly -conducting  slab  as  the  model  for  the  infinite  mir¬ 
ror,  as  shown  in  Fig.  4.  The  relativistic  boundary  conditions 
(12)  and  (13)  are  implemented  on  the  front  and  back  sides  of 
the  object.  The  other  two  sides,  parallel  to  the  velocity  vector, 
are  insensitive  to  the  motion  of  the  object,  and  therefore  no 
relativistic  boundary  conditions  are  required  there. 

The  use  of  a  finite-length  rectangular  slab  to  model  the  infi¬ 
nite  mirror  introduces  edge  diffraction  artifacts.  To  minimize 
the  edge  effect,  we  select  a  slab  long  enough  to  appear  from 
the  observation  point  as  infinite  during  a  well-defined  early- 
time  response  when  the  edge  effect  has  not  yet  reached  the 
observation  point.  Since  the  transverse  electric  (TE)  case  does 
not  provide  substantially  different  results  than  the  transverse 
magnetic  (TM)  case  (30),  only  the  TM  case  is  considered. 
Such  a  test  should  provide  us  with  good  insight  as  to  the 
ability  of  FD-TD  to  handle  moving  boundary  problems  in  two 
dimensions. 
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Fig  4.  Modeling  of  i  vibrating  mirror  in  a  cwo-dtmeiwonal  FD-TD  grid 

cj,=>0.2wi,  0=0.2,  0i=3O° 
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Fig  5  Companion  o'  FD-TD  ana  analytical  retulu  for  ih«  Matured  Field 

lime  envelope  at  oblique  incidence  -  analytical  result!  •»  FD  TD 

fflclu. 

C.  Comparative  FD-TD  and  Analytical  Results 

Fig  5  shows  good  agreement  between  the  FD-TD  re¬ 
sults  and  the  analytical  results  obtained  from  [3Q|  for  the 
envelope  of  the  scattered  £  field  versus  time  for  6,  ~ 
30*, 0  =  0  2.kd  -  I.  and  observation  points  z/d  -  -5 
and  z/d  *  -50  Similar  agreement  is  shown  in  Fig.  6  for 
0,  =  30*.  3  =  0  03.  and  kd  =  0.1.  Fig.  7  compares  the 
FD-TD  and  analytical  results  tor  6 ,  =  60* ,  0  =  0.2.  and 
kd  I  For  both  zid  =  -5  and  z/d  =  -50,  a  good 
correspondence  is  noted  between  the  analytical  and  FD-TD 
numerical  data 

In  general,  the  FD-TD  method  gives  good  results,  and  it 
is  fair  to  claim  that  this  techr'i  e.  unique  in  its  approach 
for  numerically  modeling  moving  boundaries,  is  a  promising 


Fig  6  Comparison  of  FD-TD  and  analytical  results  for  the  vcanered  Field 

lime  envelope  ai  oblique  incidence  -  analytical  results.  •■>  FD-TD 

results 
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Fig  7  Comparison  of  FD-TD  and  analytical  result!  for  the  scjuered  Field 
time  envelope  n  oblique  incidence  —  analytical  results  *o  FD-TD 
results 

strong  tool  to  analyze  more  complicated  pimolerrs  involvmg 
arbitrary  moving  shapes. 

VI.  Summary  and  Conclusion 

A  numerical  approach  based  on  the  FD-TD  technique,  us¬ 
ing  fully  relativistic  elect'  ymagnetic  fu  Id  t.iundary  conditions 
at  the  surface  of  a  conductcr,  has  been  formulated  to  model 
scattering  from  perfectly  conducting  moving  mirrors  in  one 
and  two  dimensions.  The  numerical  approach  is  unique  in 
that  it  requites  no  system  transformation,  contrary  to  other 
possible  numerical  methods  where  the  problem  is  first  solved 
in  the  moving  frame  and  then  transfoimed  back  (o  the  rest 
frame.  For  nonunifoim  velocities,  the  concept  of  a  "Doppler- 
approximation"  was  used.  Since  the  stability  of  the  FD-TD 
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code  is  assured  by  (he  proper  selection  of  the  space  and  time 
increments,  and  since  no  new  iterative  equation  coupled  to  the 
original  FD-TD  equations  is  introduced,  the  method  remains 
stable.  Two  types  of  one-dimensional  relativistic  mirror  mo¬ 
tion  have  been  considered:  uniform  translation  and  sinusoidal 
vibration  of  the  mirror  surface  Comparison  with  the  exact, 
analytical  solution*  for  these  types  of  mirror  motion  indicates 
that  the  new  numerical  approach  accurately  computes  the  mag¬ 
nitude  and  frequency  of  spectral  components  resulting  from 
the  scattering  process.  Physics  that  appears  to  be  properly 
modeled  includes  the  double-Doppler  effect  (uniform  transla¬ 
tion  case)  and  FM-like  spectral  sidebands  (sinusoidal  vibra¬ 
tion  case)  When  extended  to  two  dimensions,  the  code  again 
shows  good  agreement  with  the  available  analytical  results  for 
the  case  of  oblique  incidence  upon  an  infinite  vibrating  mirror. 
Here,  the  physics  involved  is  much  more  complicated  than  in 
one  dimension  because  both  propagating  and  nonpropagating 
evanescent  mooes  are  generated  at  the  mirror  surface. 

The  FD-TD  code  that  has  been  constructed  can  be  directly 
adapted  to  model  other  types  of  moving-boundary  problems 
involving  two-  and  three-dimensional,  perfectly  conducting 
bodies  of  finite  size  and  arbitrary  shape.  A  logical  extension 
of  the  existing  approach  involves  developing  more  general, 
suitable  tlativistic  boundary  conditions  to  model  scattering 
by  mov.  ?  objects  having  a  finite  conductivity  without  using 
a  system  ti  information. 

Appendix 

The  following  is  a  derivation  of  an  equivalent  relat  vistiv 
boundary  condition  suitable  for  modeling  moving  perfect  con¬ 
ductors  in  the  FD-TD  grid.  The  incident  wave  is  assumed  to 
be  polarized  in  the  positive  z -direction  and  propagating  in 
the  positive  y -direction  with  an  amplitude  of  unity.  Thus,  the 
incident  fields  are  given  by 

JT '  „  gj-M-y'c I 

and 

V  * 

V 

The  reflected  £-feld  will  have  the  form 

so  that  the  iefle'ted  5-field  in  free  spact  will  then  be  given 
by 


The  total  fl- field  is  therefore 

B‘t  -  B‘  +  fft  -l-  (E;  -  L[) 

but,  since 

El  *  E‘  -  £ ; 

therefore 

B1,  -  l  y2E‘  -  E'). 

For  a  mirror  receding  from  the  incident  wave,  the  relativistic 


boundary  condition  is  given  by 

e;-v  #  =  o. 

Substituting  for  B'x  in  the  above  equation  we  get 

El  -  -  (2 El  -  El)  =  0. 
c 

Therefore,  the  final  form  for  £.'  is 

£.'=2— —El.  (14) 

C  +  v  1 

Similarly,  for  the  total  S-field  at  the  boundary  we  have 

K  =  l  (2£j  -  £,')• 

Substituting  for  E't  in  the  above  equation  with  E't  ~  cB'z,  we 
get  finally  for  the  £-field 

B'x  *  -ii-  Bfx  (15) 

c  +  u 

Equations  (14)  and  (15)  are  the  ones  used  in  our  code  to 
implement  the  proper  relativistic  boundary  conditions  at  the 
surface  of  the  minor. 
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The  scattering  of  a  plane  wave  from  the  open  end  of  a  flanged,  parallel  plate  waveguide  is  approximately  solved  using  the 
On-Surface  Radiation  Condition  method.  Simple  explicit  formulae  are  given  for  the  field  within  the  waveguide  and  for  the 
bistatic  cross-section.  In  addition,  our  theory  also  gives  an  approximate  solution  to  the  associated  open  cavity  problem,  which 
is  formed  when  the  waveguide  is  terminated  by  a  short  circuit  positioned  a  finite  distance  from  the  aperture.  These  problems 
serve  as  prototypes  for  receiving  antennae  and  open  resonators  respectively.  Numerical  results  are  presented  which  confirm 
the  accuracy  of  the  OSRC  method.  An  interesting  byproduct  of  our  analysis  is  the  approximate  prediction  of  the  complex 
eigenfrequencies  of  the  open  resonator. 


1.  Introduction 

In  this  paper,  we  study  the  interaction  of  waves 
with  an  infinitely  flanged,  parallel-plate  waveguide 
which  is  either  infinite  in  extent  or  short-circuited 
at  a  finite  distance  along  its  length.  (See  Fig.  1.) 
The  former  case  serves  as  a  prototype  for  both 
receiving  antenna:  and  simple  re-entrant  structures 
while  the  second  model?  a  bssie  Helmholtz  res¬ 
onator.  We  restrict  our  attention  here  to  scalar 
waves  so  that  the  results  obniaiec  are  applicable 
to  acoustics  and  electromagnetics  in  two  dimen¬ 
sions. 

The  method  we  develop  is  approximate  and  is 
based  upon  the  On-Surface  Radiation  Condition 
method  (OSRC)  which  has  been  recently 
developed  to  analytically  model  the  scattering  of 
waves  by  convex  targets  [1,2,3].  In  this  method 
a  differentia!  operator  (radiation  boundary 
operator)  which  annihilates  the  scattered  field  as 


r-*oc  is  applied  directly  on  the  surface  of  a  targe:. 
Then,  both  the  field  and  its  normal  derivative  can 
be  deduced  from  this  approximate  condition  and 
the  given  boundary  condition  for  the  scatterer. 

In  this  paper,  we  apply  an  annihilating  operator 
to  the  scattered  field  in  the  aperture  of  a  parallel- 
plate  waveguide  and  again  obtain  %  relationship 
between  the  field  and  its  normal  derivative.  Com¬ 
bining  this  result  with  the  continuity  of  the  total 
field  and  its  normal  derivative  in  the  aperture,  we 
effectively  decouple  the  waveguide  region  from  the 
half-space  r  <0.  This  allows  us  to  explicitly  deter¬ 
mine  the  field  within  the  waveguide  without 
recourse  to  matrix  inversion  [4],  ray  tracing  [5, 6], 
or  hybrid  method  [7],  From  this  result,  we  also 
obtain  (with  the  aid  of  a  Green's  function  rep¬ 
resentation)  the  scattered  field  in  the  region  r<0. 

The  results  of  our  approximate  OSRC  theory 
for  penetrating  and  scattered  fields  compare 
extremely  well  with  detailed  numerical  computa- 
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Fig  |.  P1fn<  wive  it  ingle  a  iHuminiiet  (he  open  end  of  i 
Hinged,  infinite,  pinllel  pine  wiveguidc  The  cavity  problem 
it  created  by  placing  t  ehort  at  the  portion  i  »  i 


lions  obtained  using  a  time-dependent  finite 
difference  scheme  (FD-TD)  (8. 9)  applied  directly 
to  the  field  equations.  Excellent  agreement  is  found 
for  both  the  infinite  waveguide  case  and  the  short- 
circuited  waveguide.  In  the  former  case  a  key 
OSRC  result  shows  that  the  scattered  field  exhibits 
"resonant'*  frequency  behavior.  This  is  again 
verified  by  the  FD-TD  scheme.  Moreover,  we  are 
able  to  use  our  approximate  results  to  obtain  an 
estimate  of  the  open  resonator's  "eigenfrequen- 
cies".  These  are  complex  numbers  whose 
imaginary  parts  dictate  the  rate  at  which  energy 
leaks  away  from  the  open  cavity. 

The  remainder  of  this  paper  will  now  be  out¬ 
lined.  Section  2  contains  the  formulation  of  the 
scattering  problem  and  Section  3  includes  the 
extension  of  the  OSRC  method  that  is  required  to 
handle  the  present  problem.  Section  4  contains  the 
resulu  of  several  illustrative  examples  which 
dearly  indicate  the  accuracy  of  our  approximate 
method.  And  finally,  Section  3  includes  a  deriva¬ 
tion  of  the  approximate  "eigenfrequencies"  of  our 
prototype  Helmholtz  resonator. 


2.  Fonmlatleo 


resent  nondimensional  variables  which  have  been 
scaled  with  respect  to  the  guide's  physical  width 
a.  The  total  field,  U{x,  z,  fc)  satisfies  the  Helmholtz 
equation 

&U  +  k2U  =  0;  z<0  with  |xj<ao, 

and  z  >  0  with  0<  x  <  1,  (2.1a) 

where  k  =  ua/c  and  c  is  the  wave's  speed,  and  the 
boundary  condition 

Lf-0,  (r,z)eR  2.1b) 

where  R  represents  the  boundary  composed  of  the 
flange  and  the  waveguide's  walls.  A  time  depen¬ 
dence  of  exp(iwt)  has  been  assumed  and  will  be 
suppressed  in  the  subsequent  equations. 

An  incident  plane  wave  given  by 

Uint(x,  :.  k)  ■  exp[-ifc(z  cos  a  -  x  sin  o)J 

(2.2) 

impinges  upon  this  target  and  scatters  from  it. 
Accordingly,  the  total  field  U '  in  the  region  z  <  0 
is  given  by 

U--U,„c(x.  z,k)~u.„c{x,  -z,k) 

+  u{x,z,k  i.  :<0,  (2.3) 

where  the  second  term  in  (2.3)  is  the  wave  reflected 
by  the  flange  and  a  is  the  scattered  field  caused 
by  the  waveguide  The  latter  satisfies  the  Helmholtz 
equation  (2.1a)  for  z<  0  and  the  Sommerfeld  radi¬ 
ation  condition 

lim  vr  j  *0  (2.4) 

where  r  »  [x*  + 

When  the  wall  at  t  -=  d  (the  short  circuit)  is  r.oi 
present,  the  total  field  in  the  waveguide,  IT,  is 
given  by 

V  -£  T,t*p{~\k.z) 

xsin(nirx),  r>0.  (2.5a) 

When  (he  wall  at  **»d  is  present,  the  total  field 
in  the  waveguide  is  given  by 


The  geometry  of  the  flanged  parallel-plate 
waveguide  is  shown  In  Fig  I  Here  x  and  z  rep¬ 


U'  - 1  T.lexp(-ik.r)  -  y,  exp(ik.r)) 

*sin!'tirx);  O-'r^rf.  (25b) 
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Fig.  I.  Plane  wave  at  angle  a  illuminates  the  open  end  of  a 
flanged,  infinite,  parallel  plate  waveguide.  The  cavity  problem 
is  created  by  placing  a  short  at  the  position  z  ■  d. 


tions  obtained  using  a  time-dependent  finite 
difference  scheme  (FD-TD)  [8, 9]  applied  directly 
to  the  field  equations.  Excellent  agreement  is  found 
for  both  the  infinite  waveguide  case  and  the  short- 
circuited  waveguide.  In  the  former  case  a  key 
OSRC  result  shows  that  the  scattered  field  exhibits 
“resonant"  frequency  behavior.  This  is  again 
verified  by  the  FD-TD  scheme.  Moreover,  we  are 
able  to  use  our  approximate  results  to  obtain  an 
estimate  of  the  open  resonator’s  "eigenfrequen- 
cies".  These  are  complex  numbers  whose 
imaginary  parts  dictate  the  rate  at  which  energy 
leaks  away  from  the  open  cavity. 

The  remainder  of  this  paper  will  now  be  out¬ 
lined.  Section  2  contains  the  formulation  of  the 
scattering  prohlr-^  ,,nd  ".ection  1  includes  the 
exten  of  til-  05K» '  method  thii  is  required  to 
handle  the  present  problem.  Section  4  contains  the 
results  of  several  illustrative  examples  which 
clearly  indicate  the  accuracy  of  our  approximate 
method.  And  finally,  Section  5  includes  a  deriva¬ 
tion  of  the  approximate  “eigenfrequencies”  of  our 
prototype  Helmholtz  resonator. 

2.  Formulation 

The  geometry  of  the  flanged  parallel-plate 
waveguide  is  shown  in  Fig.  1.  Here  x  and  z  rep¬ 


resent  nondimensional  variables  which  have  been 
scaled  with  respect  to  the  guide’s  physical  width 
a.  The  total  field,  U(x,z,k)  satisfies  the  Helmholt2 
equation 

dl/  +  k:t/  =  0;  z<0  with  |x|<oo, 

and  z>0  with  0<x<l,  (2.1a) 

where  k  *  toa/c  and  c  is  the  wave’s  speed,  and  the 
boundary  condition 

l/  =  0,  (x,z)eR  \2.  lb) 

where  R  represents  the  boundary  composed  of  the 
flange  and  the  waveguide’s  walls.  A  time  depen¬ 
dence  of  exp(i»i)  has  been  assumed  and  will  be 
suppressed  *in  the  subsequent  equations. 

An  incident  plane  wave  given  by 

LTioe(x,  z.  k) =exp[-ifc(z  cos  a -x  sin  a)] 

(2.2) 

impinges  upon  this  target  and  scatters  from  it. 
Accordingly,  the  total  field  U~  in  the  region  z<0 
is  given  by 

U~  ~  U,„ c(x,  z,  k)  -  f/ioc(x,  -z,  k) 

+  u(x,z,k);  z<  0,  (2.3) 

where  the  second  term  in  (2.3)  is  the  wave  reflected 
by  the  flange  and  u  is  the  scattered  field  caused 
by  the  waveguide.  The  latter  satisfies  the  Helmholtz 
equation  (2.1a)  for  z  <0  and  the  Sommerfeld  radi¬ 
ation  condition 

,  fd  1 

litr*  >/' ,  ^  rifcu  j  -0  (2.4) 

-.tr  L8r  J 

where  t  =  (x*  +  r2 ) ,/‘i. 

When  the  wall  at  z  =  a  (the  short  circuit)  is  f  3t 
present,  the  total  field  in  the  waveguide,  U*,  is 
given  by 

U*  =  y  Tn  exp(-i k„z) 

xsin(nTrx);  z>  0.  (2.5a) 

When  the  wall  at  z  =  d  is  present,  the  total  field 
in  the  waveguide  is  given  by 

U*  =  Y.  T„{exp(-iknz)  -  y„  exp(i k„z)} 

xsin(mrx);  0  <  z  <  d.  (2.5b) 
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The  summation  in  (2.5)  runs  over  all  positive 
integers  n.  The  propagation  constants  k„  and  the 
reflection  coefficients  y„  are  defined  respectively  by 


Jt„  =  [*2-(rnr)2]'/2, 

y„=exp(-2iM)- 


(2.6a) 

(2.6b) 


The  transmission  coefficients  T„  are  to  be  deter¬ 
mined. 

To  complete  the  formulation  of  our  boundary 
value  problem,  we  demand  that  U  and  3/ 3z  U  be 
continuous  along  the  waveguide  aperture  z  -  0  and 
0<x<  1,  that  is, 

t/”(x,  0,  k)  -  U*(x,  0,  k),  0<x<  1, 

(2.7a) 

~U~(x,0,k)  =  ~UXx,0,k),  0<x<  i. 

3z  3  z 

(2.7b) 

Finally,  using  standard  Green’s  function  argu¬ 
ments,  we  find  that  the  scattered  field  is  given  in 
terms  of  U(x,  0,  k)  by 

u(x,  r,  fc)  =  J*  U(x',0,k)  Hl0"(kR)Y 

(2.8a) 

where  H J,"  is  the  derivative  of  the  zeroeth  order 
Hankel  function  and  R  is  defined  by 


R  ~ i-  •  -.%'):  +  z2],/2. 


3.  Exteoskm  of  the  OSRC  method 

The  scattered  field  u  satisfies  the  radiation  boun¬ 
dary  condition  [10, 11] 


—  u  +  [-  +  ifc]u- 


2rz(ifc  +  1/  r) 


as  r  -*  x  where  L  is  defined  by 


=  0(r~5) 


r  a2  u 


(3.1a) 


(3.1b) 


{2Jb) 


In  our  previous  work  [1]  we  applied  (3.1)  directly 
on  the  surface  of  a  two-dimensional  convex  target 
by  setting  the  0(r“s)  term  equal  to  zero  and 
replacing  r~l  by  *t,  r_232u/30*  by  3*u/3s\  and 
du/dr  by  3u/3v.  Here,  k  is  the  curvature  of  the 
target's  boundary  curve,  s  is  the  arclength,  and 
3/3  v  is  the  outgoing  normal  derivative. 

We  now  apply  the  same  operator  to  the 
scattered  field  u  in  the  aperture  of  the  flanged 
waveguide.  We  set  *  equal  to  zero  because  the 
aperture  is  planar,  replace  s  by  x  in  the  second 
tangential  derivative,  and  v  by  -z  in  the  normal 
derivative.  This  yields  the  approximate  condition 

„  a  id2 

Bu  = —  u-ifcu-  —  — ;  u  =  0, 

3z  2k  3x* 

0  <  x  <  1 ,  z  =  0.  (3.2) 

We  note  here  that  the  operator  B  can  also  be 
obtained  by  an  approximate  factoring  of  the  Helm¬ 
holtz  equation  in  rectangular  coordinates  [12], 
K«.‘.  dcdu« i-Vorn.  (2.7 i  and  the  definition 
6)  woersior  5  !h?.r 


Here  we  note  that  l/(x,  0,  k)  =  u(x,  0,  k )  by  (2.3). 

We  can  physically  interpret  the  above  scattering 
problem  in  terms  of  electromagnetics  or  acoustics. 
In  the  electromagnetic  case,  U  would  be  the  ampli¬ 
tude  of  the  electric  field  vector  which  is  polarized 
along  the  y-axis,  and  the  waveguide  and  flange 
would  be  perfectly  conducting.  In  the  acoustics 
case,  U  would  be  proportional  to  the  pressure, 
and  the  waveguide  and  flange  would  be  acousti¬ 
cally  "soft”. 


BU*  =  BLT,  0<  x <  1,  z  =  0.  (3.3) 

Inserting  (2.3)  into  the  right-hand  side  of  (3.3)  and 
using  (3.2),  we  find  that 

BtT  =  g(x),  0<x<  1,2  =  0  (3.4a) 

where  the  function  g(x)  is  defined  by 

g(x)  =  -2ifc  cos  a  exp(ifcx  sin  a), 

0  <  x  <  1.  (3.4b) 
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Applying  the  operator  Bio  U*  given  by  (2.5)  and 
combining  this  result  with  (3.4),  we  obtain 

y  G„T„  sin(nirx)  =  g(x),  0<x<l,  (3.5a) 

Y.JnTn  sin(nirx)  =  g(x),  0<x<l,  (3.5b) 

where  the  sums  are  again  over  integer  n  and 

G.  =  -i[ikB  +  Jk-^(nir)2],  (3.6a) 

7B  =  -iJ^fc„(l  +  y„)  +  fc(l-yB) 

-^(l-yJ(nir)2].  (3.6b) 

Finally,  we  use  the  Fourier  inversion  formula  to 
solve  (3.5)  for  the  unknown  coefficients  T„.  We 
find  that 

T„  =  4ik  cos  a  g„(k  sin  a)/ G„  (3.7a) 

for  the  flanged  waveguide  and 

T„  =  4ifc  cos  a  g„(k  sin  at)/J„  (3.7b) 

for  the  short-circuited  waveguide  (open  res¬ 
onator),  where  g„(f)  is 

«.(()  =  -'  Omr.  (3.8) 

r,  (  =  ntr. 

The  approximate  field  within  the  waveguide  is 
obtained  by  combining  (2.5a),  (3.6a),  (3.7a),  and 
p.8;.  The  analogous  expression  for  the  field  within 

the  ••>per  rcs£.TJ3!rtr  is  ?iv~n  v'j  (2.5b),  (3.ob). 
(.V/o1.  'in.d  p.8). 

The  scattered  field  is  given  by  (2.7)  with 
U(x,  0,  k)  replaced  by  either  (2.5a)  or  (2.5b).  By 
using  standard  far-field  approximations  in  (2.8) 
we  find  that,  as  r-*o o, 

u(x,  r,  k)  ~  A(9,  k) — ; — ,  (3.9a) 

v  r 

A(fl.  k)  --  k  sin  0(2rrfc) " 1/2 

x  exp(-i-/4)  V  T„gn(cos  9)  (3.9b) 

where  #„(£)  is  defined  in  (3.8)  and  9  is  measured 


from  the  x-axis  in  a  counter-clockwise  direction 
(see  Fig.  1). 


4.  Illustrative  examples 

The  accuracy  of  (2.5)  and  our  approximations 
(3.7)  is  now  demonstrated  in  two  illustrative  prob¬ 
lems.  In  the  first  example,  a  flanged  infinite 
waveguide  is  illuminated  by  a  plane  wave  having 
/:^8  and  impinging  at  an  incident  angle  a  as 
shown  in  Fig.  1.  Two  values  of  a  are  chosen:  at  =  0° 
(normal  incidence)  and  a  =30°.  The  second 
example  is  the  associated  cavity  problem  created 
by  terminating  the  waveguide  with  a  short  circuit 
at  a  distance  d  from  the  aperture.  For  both 
examples,  we  compute  the  field  distribution  at  z  =  § 
using  (2.5)  and  the  bistatic  cross-section  of  the 
scattered  field,  in  the  region  e<0,  using  (3.9). 

The  accuracy  of  the  OSRC  method  is  assessed 
by  comparing  its  results  to  those  obtained  using  a 
finite  difference  scheme  applied  directly  to  the 
time-dependent  field  equations.  The  accuracy  of 
finite  difference  time  domain  (FD-TD)  methods 
on  the  problems  we  consider  here  is  well  estab¬ 
lished  [8, 9].  In  the  first  case,  the  infinite  waveguide 
is  modeled  using  FD-TD  by  a  sufficiently  long, 
finite  waveguide  which  is  terminated  by  a  short. 
In  the  FD-TD  simulation,  this  structure  is  illumi¬ 
nated  by  a  sinusoidal  incident  plane  wave  and 
time-stepped  for  a  sufficient  number  of  wave  cycles 
to  aiiow  the  numerical  solution  within  two 
wa’-ekrnjsths  of  toe  spenurr  io  »e.j«H  sot  time- 
harmonic  steady-state.  The  waveguide  length  and 
number  of  time  steps  is  carefully  chosen  to  guaran¬ 
tee,  that  reflections  from  the  terminated  end  are 
not  present  in  the  aperture  region  of  interest.  For 
the  second  example,  the  depth  of  the  cavity  d  is 
selected  to  be  the  same  as  the  aperture  width.  The 
FD-TD  cavity  simulation  is  performed  on  a 
domain  considerably  smaller  than  that  for  the 
infinite  waveguide.  Here,  however,  more  wave 
cycles  are  required  to  be  time-stepped  for  the  simu¬ 
lation  to  achieve  the  time-harmonic  steady-state 
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Fig.  2.  Distribution  of  field  magnitude  inside  infinite  waveguide  at  r  for  a  =0°. 


due  to  the  structure’s  ability  to  trap  energy  for  a 
period  of  time. 

With  k » 8,  the  dimensions  of  the  infinite 
waveguide  are  such  that  only  the  first  two  modes 
propagate.  The  results  of  our  OSRC  and  FD-TD 
calculations  for  the  infinite  waveguide  example  are 


presented  in  Figs.  2  through  7.  Figs.  2  and  3  show 
respectively  the  magnitude  and  phase  of 
lT(x,0.666,8)  for  a- 0°.  For  this  case,  only  the 
first  term  in  the  sum  (2.5)  need  be  evaluated 
because  T:  =  0,  by  symmetry.  The  corresponding 
results  for  a  =  30°  are  presented  in  Figs.  4  and  5 


Fig  3.  Distribution  of  field  phase  inside  infinite  waveguide  at  :  =  ]  for  a  =  0°. 
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Fig.  4.  Same  as  Fig.  2  except  a  «  30*. 


respectively.  Both  propagating  modes  are  excited 
for  this  case  and  thus,  only  the  first  two  terms  in 
(2.5)  are  needed  for  our  approximate  solution. 
These  excellent  results  indicate  that  the  on-surface 
radiation  condition  operator  effectively  couples 
the  energy  of  the  incident  plane  wave  into  the 


propagating  waveguide  modes.  We  have  also 
included  several  evanescent  modes  in  (2.5)  and 
found  little  change  in  the  far  field  and  a  deleterious 
change  in  the  aperture  field. 

The  bistatic  cross  section  of  the  scattered  field 
in  the  region,  z<0,  is  shown  in  Figs.  6  and  7  for 


X 

Fig.  5.  Same  as  Fig.  3  except  a  =30°. 
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Fig.  6.  Bistatic  cross-section  for  the  field  scattered  from  the  aperture  of  the  infinite  waveguide  in  the  region  z<0  for  a  *0*.  The 

angle  *  is  as  shown  in  Fig.  1. 


each  value  of  a.  Again,  excellent  agreement  is 
observed  between  the  results  obtained  using  the 
on-surface  radiation  condition  approach  and  those 
obtained  by  the  FD-TD  simulation.  It  should  be 
noted  that  the  amount  of  computer  time  required 
to  evaluate  the  formulae  generated  by  the  OSRC 


theory  is  negligible  (less  than  0.006% )  compared 
to  that  of  a  typical  FD-TD  simulation  for  the 
idealized  problems  considered  here. 

The  results  of  the  companion  calculations  for 
the  open  resonator  example  are  presented  in 
Figs.  8  through  13.  These  results  are  for  k  **  8  and 
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X 

Fig.  8.  Distribution  of  field  magnitude  inside  the  cavity  at  r  »  $  for  o  *  0*. 


a  =  d  =  1.  Once  again,  good  agreement  between  impulsive  plane  wave  followed  by  an  FFT.  The 

the  OSRC  results  and  the  FD-TD  simulations  agreement  is  good  for  3.5  <  k  <  8  and  deteriorates 

is  observed.  outside  this  band,  which  approximates  the  range 

Figure  14  shows  the  OSRC  and  FD-TD  com-  of  frequency  components  in  the  impulsive  plane 

puted  values  for  U*(0.5, 0.0,  k)  as  a  function  of  wave.  The  error  at  very  low  frequencies  is  caused 

fc  The  FD-TD  result  is  obtained  by  simulating  an  by  the  OSRC  method,  which  is  consistent  with  our 


Fig.  9.  Distribution  of  field  phase  inside  the  cavity  at  r  =  5  for  a  =0°. 
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Fig.  10.  Same  as  Ftg.  8  except  a  *  30*. 


previous  observations  [1],  and  the  onset  of  cut-off 
which  occurs  at  k  =  -rr.  Additional  errors  can  occur 
with  the  OS  RC  solution  at  other  cut-off  frequencies 
k-mt  (if  those  modes  are  excited)  because  the 
energy  is  not  out-going  in  the  aperture.  In  the 
present  case,  the  odd  modes  are  excited  while  the 


even  ones  are  not.  The  peaks  (except  for  the  first 
one)  and  sharp  nulls  in  the  response  occur  roughly 
at  the  eigenfrequencies  of  the  “closed"  cavity 

*U-ir[«s+m2/d!l,/s  (4I) 

and  show  a  resonance  behavior  for  the  open  struc- 
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theta  (degrees) 


Fig.  12.  Bistatic  cross-section  for  the  field  scattered  from  the  aperture  of  the  cavity  in  the  region  :<0  for  a  =0*.  The  angle  9  is  as 

shown  in  Fig.  1. 


ture.  The  deviation  between  the  k‘  m  and  the  real 
part  of  the  complex  eignefrequency,  as  predicted 
by  the  OSRC  method,  will  be  discussed  in  the  next 
section. 


5.  Complex  eigenfreqaendes  of  the  open  cavity 

The  complex  eigenfrequencies  for  the  open 
cavity  can  be  approximated  using  our  OSRC 


k 


Fig.  14.  Behavior  of  field  magnitude  as  a  function  of  wavenumber  k  at  the  mid-point  of  the  cavity  aperture  (a  =0°). 


theory  by  setting  the  denominator  of  T„  equal  to 
zero.  Accordingly,  setting  J„  =  0  in  (3.6b),  solving 
for  y„,  and  simplifying  the  resulting  expression  we 


obtain 

y„  =  (k  + (5.1) 
Inserting  the  change  of  variable 

k  =  rrn  cos  0  (5.2) 

into  (2.6)  and  (5.1),  we  find  that 

exp(A  sin  0)  =  exp(4i0)  (5.3a) 

where  A  is  defined  by 

A  =  2nird.  (5.3b) 


Equating  the  exponents  in  (5.3a),  modulo  2-rr,  and 
setting  Q  =  x  +  i y,  we  deduce  that  x  and  y  satisfy 
the  simultaneous  equations 


cos  x  sinh  y  = 


4.x  +  2m-rr 


(5.4a) 


.  4y 
sin  x  cosh  y  = - . 


(5.4b) 


An  approximate  solution  of  the  system  (5.4)  can 
be  obtained  when  A  is  large  by  observing  that  the 


right-hand  sides  of  (5.4)  are  formally  small. 
Accordingly,  we  replace  sinh  y  by  y,  sin  x  by  x, 
cosx  by  1,  and  coshy  by  1,  and  obtain  a  linear 


system  whose  solution  is 

8mir 

(5.5a) 

16  + A2’ 

2mirA 

(5.5b) 

y  — - x. 

7  16  + A* 

Combining  these  results  with  the  definition  of  6 
and  (5.2),  and  using  the  small  argument  approxi¬ 
mation  for  the  cosine,  we  deduce  the  approxi¬ 
mation 


k  = 


1  - 


32iT2m: 
(16+  A2)2  + 


2tt2/h2A2 ) 
(16  +  A2)2} 


(5.6) 


We  have  also  solved  the  nonlinear  system  (5.4) 
by  employing  a  Newton- Raphson  scheme  using 
the  approximation  (5.5)  as  an  initial  guess.  Once 
the  solution  was  obtained,  we  set  6  =  x  +  iy,  inser¬ 
ted  this  complex  number  into  (5.2),  and  separated 
the  real  and  imaginary  parts  of  k.  The  results  of 
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Table  I 


n 

Complex  eigenfrequencies  for  m  =  -1 

Iterative  solution 

Approximate  solution 

of  (5.4) 

using  (5.6) 

i 

3.773 +  i  0.9447 

3.615  -M  1.013 

2 

6.865 +  i  0.3758 

6.865 +  i  0.4122 

3. 

9.877  +  i  0.1923 

9.883 +  i  0.2035 

4 

12.93 +  i  0.1 148 

12.93  +  i  0.1189 

Table  2 


fl 

Complex  eigenfrequencies  for  m  =  -2 

Iterative  solution 

Approximate  solution 

of  (5.4) 

using  (5.6) 

1 

6.135 +  i  2.473 

5.034 +  i  4.051 

2 

8.524  +  i  1.174 

8.61 1  +  i  1.649 

3 

1 1.16  +  i  0.6620 

1 1.26+ i  0.8139 

4 

13.96  +  i  0.4161 

1 4.02 +  i  0.4756 

our  effort  are  shown  in  Table  1  for  m  =  -l,n  = 
1,  2, 3, 4,  and  in  Table  2  for  m  =  -2,  n  =  1,  2, 3, 4. 
Negative  values  for  m  were  chosen  to  ensure  that 
the  imaginary  part  of  k  was  positive.  The  first 
column  in  each  table  contains  the  roots  generated 
by  the  iterative  scheme  while  the  second  lists  those 
obtained  from  (5.6).  The  two  columns  agree  well 
for  m--\  but  deviate,  especially  for  n  =  l  and 
m  =  -2. 

Finally,  the  deviation  between  the  closed-cavity 
eigenfrequencies  given  by  (4.1)  and  the  real  parts 
of  k  listed  in  Tables  1  and  2  differ  by  less  than 
2%  for  n  =  2,  3, 4  and  by  about  12%  when  n  =  1. 
The  imaginary  part  of  the  eigenfrequencies, 
which  measures  the  rate  at  which  energy  leaks 
out  of  the  open  cavity,  decreases  as  m  increases. 
This  indicates  that  the  higher  modes  are 
trapped  longer  in  the  resonator  and  agrees  with  a 
ray  interpretation. 
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Applications  ol  the  finite-difference  time-domain  (FD-TD) 
method  lor  numerical  modeling  ol  electromagnetic  wave  interac¬ 
tions  with  structures  are  reviewed,  concentrating  on  scattering  and 
radar  cross  section  IRCS)  A  number  ol  two-  and  three-dimensional 
examples  of  FD-TD  modeling  of  scattering  and  penetration  are 
provided.  The  ob /  modeled  range  m  nature  from  simple  geo¬ 
metric  shapes  to  extremely  complex  aerospace  and  biological  sys¬ 
tems.  Rigorous  analytical  or  experimental  validations  are  provided 
for  the  canonical  shapes,  and  it  is  shown  that  FD-TD  predictive 
data  for  near  lields  and  RCS  ate  in  excellent  agreement  with  the 
benchmark  data  It  is  concluded  that,  with  continuing  advances  m 
FD-TD  modeling  theory  for  target  features  relevant  to  the  RCS 
problem,  and  with  continuing  advances  m  vector  and  concurrent 
supercomputer  technology,  it  is  likely  that  FD-TD  numerical  mod¬ 
eling  will  occupy  an  important  place  m  RCS  technology  in  the  1990s 
and  beyond. 

I.  Introduction 

Accurate  numerical  modeling  of  the  radar  cross  section 
(RCS)  of  complex  objects  is  difficult.  Typical  structures  of 
interest  have  shapes,  apertures,  cavities,  and  material  com¬ 
positions  or  loadings  which  produce  near  fields  that  cannot 
be  resolved  into  finite  sets  of  modes  or  rays.  Proper  numer¬ 
ical  modeling  of  such  near  fields  requires  sampling  at  sub¬ 
wavelength  resolution  to  avoid  aliasing  of  magnitude  and 
phase  information.  The  goal  is  to  provide  a  self-consistent 
model  of  the  mutual  coupling  of  electrically  small  regions 
(space  cells)  comprising  the  structure. 

A  candidate  numerical  modeling  approach  for  this  pur¬ 
pose  is  the  finite-difference  time-domain  (FD-TD)  solution 
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of  Maxwell's  curl  equations.  This  approach  is  analogous  to 
existing  finite-difference  solutions  of  fluid-flow  problems 
encountered  in  computational  aerodynamics,  in  that  the 
numerical  model  is  based  on  a  direct  solution  of  the  gov¬ 
erning  partial  differential  equation.  Yet  FD-TD  is  a  nontra- 
ditional  approach  to  numerical  electromagnetic  modeling, 
where  frequency-domain  approaches  have  dominated. 

FD-TD  is  very  simple  in  concept  and  execution.  Yet  it  is 
remarkably  robust,  providing  highly  accurate  modeling 
predictions  for  a  wide  variety  of  electromagnetic  wave 
interaction  problems.  One  of  the  goals  of  this  paper  is  to 
demonstrate  that  recent  advances  in  FD-TD  modeling  con¬ 
cepts  and  software  implementation,  combined  with 
advances  in  supercomputer  technology,  have  expanded  the 
scope,  accuracy,  and  speed  of  FD-TD  modeling  to  the  point 
where  it  may  be  the  preferred  choice  for  scattering  prob¬ 
lems  involving  complex,  electrically  large,  three-dimen¬ 
sional  structures.  With  this  in  mind,  this  paper  will  suc¬ 
cinctly  review  the  following  FD-TD  modeling  validations: 

1)  Canonical  two-dimensional  targets 

a)  Square  metal  cylinder,  TM  polarization 

b)  Circular  muscle-fat-layered  cylinder,  TE  polariza¬ 
tion 

c)  Homogeneous,  anisotropic,  square  material  cyl¬ 
inder,  TM  polarization 

d)  Circular  metal  cylinder,  conformally  modeled,  TE 
and  TM  polarization 

e)  Flanged  metal  open  cavity 

2)  Canonical  three-dimensional  targets 

a)  Metal  cube,  broadside  incidence 

b)  Flat  conducting  plate,  multiple  monostatic  RCS 
observaiions 

c)  T-shaped  conducting  target,  multiple  monostatic 
RCS  observations 

The  potential  of  FD-TD  for  modeling  noncanonical, 
indeed  very  complex,  three-dimensional  obiects  will  then 
be  illustrated  by  reviewing  published  work  which  inves¬ 
tigated  the  penetration  of  VHF  and  UHF  plane-wave  energy 
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into  1)  the  infrared  seeker  section  of  a  missile  and  2)  the 
entire  human  body.  Finally,  the  paper  will  conclude  with 
a  discussion  of  large-scale  computer  software  and  the 
potential  impact  of  massively  concurrent  machines. 

II.  CtNFRAl  Characteristics  or  FO-TO 

As  stated,  FD-TD  is  a  direct  solution  of  Maxwell's  time- 
dependent  curl  equations.  It  employs  no  potentials, 
instead,  it  applies  simple  second-order  accurate  central-dif¬ 
ference  approximations  (1)  for  the  space  and  time  deriva¬ 
tives  of  the  electric  and  magnetic  fields  directly  to  the 
respective  differential  operators  of  the  curl  equations.  This 
achieves  a  sampled-data  reduction  of  the  continuous  elec¬ 
tromagnetic  field  in  a  volume  of  space  over  a  period  of  time. 
Space  and  time  discretizations  are  selected  to  bound  errors 
in  the  sampling  process  and  to  ensure  numerical  stability 
of  the  algorithm  (2).  Electric  and  magnetic  field  components 
are  interleaved  in  space  to  permit  a  natural  satisfaction  of 
tangential  field  continuity  conditions  at  media  interfaces. 
Overall,  FD-TD  is  a  marchmg-in-time  procedure  which  sim¬ 
ulates  the  continuous  actual  waves  by  sampled-data  numer- 
ica1  analogs  propagating  in  a  data  space  stored  in  a  com¬ 
puter.  At  each  time  step,  the  system  of  equations  to  update 
the  iield  components  is  fully  explicit,  so  that  there  is  no  need 
to  s  ;t  up  or  solve  a  system  of  linear  simultaneous  equations. 
As  i  consequence,  the  required  computer  storage  and  run- 
n i rig  time  is  dimensionally  low,  proportional  only  to  S, 
where  N  is  the  number  of  electromagnetic  field  unknowns 
in  the  volume  modeled. 

Fig  1(a)  illustrates  the  time-domain  wave  tracking  con¬ 
cept  of  the  FO-TD  method.  A  region  of  space  (within  the 
dashed  line)  is  selected  for  field  sampling  in  space  and  time. 
At  time  ■  0.  it  is  assumed  that  all  fields  within  the  numerical 
sampling  region  are  identically  zero.  An  incident  plane  wave 
is  assumed  to  enter  the  sampling  region  at  this  time.  Prop¬ 
agation  of  the  incident  wave  is  modeled  by  the  commence¬ 
ment  of  time-stepping,  which  is  simply  the  implementation 
of  the  finite-difference  analog  of  the  curl  equations.  Time 
stepping  continues  as  the  numerical  analog  of  the  incident 
wave  strikes  the  modeled  target  embedded  within  the  sam¬ 
pling  region.  All  outgoing  scattered  wave  analogs  ideallv 
propagate  through  the  lattice  truncation  planes  with  neg¬ 
ligible  reflection  to  exit  the  sampling  region.  Phenomena 
such  as  induction  of  surface  currents,  scattering  and  mul¬ 


tiple  scattering,  penetration  through  apertures,  and  cavity 
excitation  are  modeled  time  step  by  time  step  by  the  action 
of  the  curl  equations  analog.  Self-consistency  of  these  mod¬ 
eled  phenomena  is  generally  assured  if  their  spatial  and 
temporal  variations  are  well  resolved  by  the  space  and  time 
sampling  process. 

Time  stepping  is  continued  until  the  desired  late-time 
pulse  response  or  steadv-state  behavior  is  achieved.  An 
important  example  of  the  latter  is  the  sinusoidal  steady  state, 
wherein  the  incident  wave  is  assumed  to  have  a  sinusoidal 
dependence,  and  time  stepping  is  continued  until  all  fields 
tn  the  sampling  region  exhibit  sinusoidal  repetition.  This 
is  a  consequence  of  the  limiting  amplitude  principle  [3|. 
Extensive  numerical  experimentation  with  FD-TD  has 
shown  that  the  number  of  complete  cycles  of  the  incident 
wave  required  to  be  time  stepped  to  achieve  the  sinusoidal 
steady  state  is  a  function  of  two  (possibly  related)  factors: 

1)  Target  electrical  sue.  Numerical  wave  analogs  must 
be  permitted  time  to  propagate  in  the  FD-TD  computa¬ 
tional  lattice  to  causally  connect  the  physics  of  all  regions 
of  the  target.  For  many  targets,  this  requires  a  number  of 
time  steps  sufficient  to  perrrvt  at  least  two  complete  front- 
to-back-to-front  traverses  of  the  target  by  a  wave  analog 
traveling  at  the  speed  of  light.  For  example,  assuming  a  tar¬ 
get  spanning  a  maximum  of  10  wavelengths,  it  is  reasonable 
to  assume  that  about  40  complete  cycles  of  the  incident 
wave  should  be  time-stepped  (as  a  minimum)  to  achieve  the 
sinusoidal  steady  state.  Using  a  space  resolution  of  10  lat¬ 
tice  cells  per  wavelength,  this  corresponds  to800time  steps. 

2)  Target  Q  factor.  Targets  having  well-defined  low-loss 
cavities  or  low-loss  dielectric  comoositions  mav  requirethe 
number  of  complete  cycles  of  the  ncident  wave  to  be  time- 
stepped  to  approach  the  Q  factor  of  the  cavity  resonance. 
Because  the  Q  factor  can  be  large  even  for  electrically  small 
or  moderate  size  cavities,  this  consideration  can  oictate  how 
many  time  steps  the  FD-TD  code  must  be  run  to  achieve 
the  sinusoidal  steady  state. 

Table  1  summarizes  th-’  number  of  sinusoidal  cycles 
needed  to  achieve  the  steady  state  for  a  wide  range  of  struc¬ 
tures  modeled  using  FD-TD  over  the  past  15  years.  In  the 
RC5  area,  it  has  been  found  that  target  electrical  size  has 
proven  to  be  the  dominant  factor.  Cavities  for  RCS-type 
problems  tend  to  be  open,  and  therefore  low  Q,  and  the 
use  of  radar-absorbing  material  (RAM)  serves  further  to 
reduce  Q  factors  of  structural  resonances. 
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Fig.  1.  Basic  elements  of  FD-TD  space  lattice  la)  Time-domain  wave  tracking  concept 
(bi  lattice  unit  cell  in  Cartesian  coordinates  |1|. 
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Table  1  Convergence  of  FD-TD  10  Sinusoidal  Steady 
State 

Number  of  Sinusoidal 

Cycles  Needed  General  Structure  Type 

Convex  2  0  metal  targets  spanning  less 
than  i  tm  case 

lossy  3-D  structures,  especially  those 
comprised  ol  biological  tissue  media 

Convex  2  D  metal  targets  spanning  1-5 
V  TE  case 

Convex  2  0  dielectric  targets  spanning 
1-5  V  Tm  and  TE  cases 
Convex  3-D  metal  targets  spanning  1-5 
Xo 

3-0  metal  wires  and  rods  spanning  on 
the  order  ol  1  x«,  excited  near  a 
resonance 

General  3-0  metal  targets  spanning  up 
to  10  Xo.  including  corner  reflectors 
and  open  cavities 
Deeply  reentrant  3-0  metal  targets 
(such  as  engine  inlets)  spanning  10  X, 
or  more 

3-0  metal  targets  ol  arbitrary  electrical 
size,  but  having  aperture/cavity 
resonances  of  moderate  to  high  Q, 
and  excited  very  near  such  a 
resonance 

Fig.  1(b)  illustrates  the  positions  of  the  elec’nc  and  mag¬ 
netic  field  components  about  a  unit  cell  of  the  FD-TD  lattice 
in  Cartesian  coordinates  (1).  Note  that  each  magnetic  field 
vector  component  is  surrounded  by  four  circulating  elec¬ 
tric  held  vector  components,  and  vice  versa.  This  arrange¬ 
ment  permits  not  only  a  centered-difference  analog  to  the 
space  derivatives  of  the  curl  equations,  but  also  a  natural 
geometry  for  implementing  the  integral  form  of  Faraday's 
law  and  Ampere's  law  at  the  space-cell  level.  This  integral 
interpretation  permits  a  simple  but  effective  modeling  of 
the  physics  of  smoothly  curved  target  surfaces,  as  will  be 
seen  later. 

Fig.  2  illustrates  how  an  arbitrary  three-dimensional  scat- 
terer  is  embedded  in  an  FD-TD  space  lattice  comprised  of 
the  unit  cells  of  Fig.  1(b).  Simply,  the  desired  values  of  elec¬ 
trical  permittivity  and  conductivity  are  assigned  to  each 


Fig.  2.  Arbitrary  three-dimensional  scatterer  embedded  in 
FD-TD  space  lattice. 
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electric  field  component  of  the  lattice.  Correspondingly, 
desired  values  of  magnetic  permeability  and  equivalent 
conductivity  are  assigned  to  each  magnetic  field  compo¬ 
nent  of  the  lattice.  The  media  parameters  are  interpreted 
by  the  FD-TD  program  as  local  coefficients  for  the  time¬ 
stepping  algorithm.  Specification  of  media  properties  in 
this  component-by-component  manner  results  in  a  stepped- 
edge,  or  staircase,  approxim-uon  of  curved  surfaces.  Con¬ 
tinuity  of  tangential  fields  is  assured  at  the  interface  ol  dis¬ 
similar  media  with  this  procedure.  There  is  no  need  for  spe¬ 
cial  field  matching  at  media  interface  points.  Stepped-edge 
approximation  of  curved  surfaces  has  been  found  to  be 
adequate  in  the  FD-TD  modeling  problems  studied  m  the 
1970$  and  early  1980s,  including  wave  interactions  with  bio¬ 
logical  tissues  [41,  penetration  into  cavities  [5)-(7],  and  elec¬ 


tromagnetic  pulse  (EmP)  interactions  with  complex  struc¬ 
tures  (8}-[10).  However,  recent  interest  in  wide-dynarmc- 
range  models  of  scattering  by  curved  targets  has  prompted 
the  development  of  surface-conforming  FD-TD  approaches 
which  eliminate  staircasing.  These  are  summarized  in  a  later 
section. 

III.  Review  of  FD-TD  Algorithm  Details 

Table  2  lists  the  six  coupled  equations  for  the  electric  and 
magnetic  fields  which  comprise  Maxwell's  equations  in 
Cartesian  coordinates.  Table  3  lists  the  assumed  space-time 

Table  2  Maxwell's  Curl  Equations  in  Cartesian 
Coordinates 


(la) 

•) 

(lb) 

(ic) 

nd) 

£-«) 

He) 

%-«■) 

(if) 

C,,  f,  »  Cartesian  components  of  electric  field,  volts/meter 
H,,  Hr.  Ht  »  Cartesian  components  of  magnetic  field,  amperes/ 
meter 

«  »  electric  permittivity,  farads/rr.eter 
»  -  electric  conductivity,  siemen»/meter 
v  ■  magnetic  permeability,  henrys/meter 
p  •  equivalent  magnetic  loss,  ohms/meter 


Table  3  Central-Difference  Approximations  to  Space  and 
Time  Partial  Derivatives 

ti.  /.  k)  «  (idx,  /dy,  kOi) 

f  "(r.  /.  k)  m  F(/dx,  idy,  k&i.  nan 
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a  dr 

For  a  cubic  space  lattice,  dx  »  d y  »  dz  •  3. 


+  order  (d*1)  (3al 
•order  tdr1)  (3b) 
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Table  ♦  Examples  of  Finite-Difference  Expressions  to  Time-Step  Field  Vector 
Components  _ 
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notation  for  the  field  vector  components  sampled  at  dis¬ 
crete  lattice  locations  and  at  discrete  time  steps.  This  table 
also  provides  the  central-difference  approximations  to  the 
space  and  time  partial  derivatives  of  Maxwell's  equations, 
using  the  assumed  sampled-field  notation.  Finally,  Table  4 
provides  example  finite-difference  time-stepping  expres¬ 
sions  for  a  magnetic  and  an  electric  field  component.  As 
noted  earlier,  all  quantities  on  the  right-hand  side  of  each 
time-stepping  expression  are  known  (stored  in  computer 
memory),  so  that  the  expressions  are  fully  explicit. 

The  choice  of  4  and  At  is  motivated  by  reasons  of  accu  racy 
and  algorithm  stability,  respectively.  To  ensure  the  accu¬ 
racy  of  the  computed  spatial  derivatives  of  the  electro¬ 
magnetic  fields,  4  must  be  small  compared  to  a  wavelength. 
4  s  X/10  is  sufficient  to  realize  less  than  ±7%  uncertainty 
(£0.6  dB>  of  the  FD-TD  solution  of  near  fields  due  to  the 
approximation  of  the  spatial  derivatives  [5|.  For  4  s  X/ 20, 
this  uncertainty  drops  to  less  than  ±2%  ( ±0.2  dB).  4  should 
also  be  small  enough  to  permit  resolution  of  the  principal 
surfaces  or  volumetric  details  of  the  structure  modeled. 

To  ensure  the  stability  of  the  time-stepping  algorithm 
exemplified  by  (4a)  and  (4b),  At  is  chosen  to  satisfy  the  in¬ 
equality  [2| 


at  s 
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a  - -  for  a  cubic  lattice 

tmn  ^4 


(S) 


where  cm„  is  the  maximum  wave  phase  velocit\  within  the 
model.  Note  that  the  corresponding  stability  criterion  set 
forth  in  [1,  eqs.  (7)  and  (8)]  is  incorrect,  as  shown  in  [2). 

Kg-  3(a)  illustrates  the  division  of  the  FD-TD  lattice  into 
total-field  and  scattered-field  regions.  This  division  has  been 
found  to  be  very  useful  since  it  permits  the  efficient  sim- 
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«•-  3-  Zoning  of  FD-TD  space  lattice,  (a)  Total-field  and 
scattered-field  regions  (11),  (12).  (b)  Near-field  to  far-fieid 
integration  surface  located  m  the  scattered-field  region  (12) 
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ulation  of  an  incident  plane  wave  in  the  total-held  region 
with  arbitrary  angle  of  incidence,  polarization,  time-domain 
waveform,  and  duration  (11),  (12).  Three  additional  impor¬ 
tant  benefits  arise  from  this  lattice  division  as  follows. 

1)  Large  near-field  computational  dynamic  range.  Be¬ 
cause  the  target  of  interest  is  embedded  in  the  total-field 
region,  low  total-field  levels  in  shadow  regions  or  within 
shielding  enclosures  are  computed  directly  without  suf¬ 
fering  subtraction  noise  (as  would  be  the  case  if  scattered 
fields  m  such  regions  were  time-stepped,  and  then  added 
to  a  canceling  incident  field  to  obtain  the  low  total-field  lev¬ 
els).  Avoidance  of  subtraction  noise  is  the  key  to  obtaining 
near-field  computational  dvnamic  ranges  exceeding  60  dB 
(51- 

2>  Satural  satisfaction  of  electromagnetic  boundary  con¬ 
ditions.  Embedding  the  target  in  the  total-field  region  per¬ 
mits  a  natural  satisfaction  of  tangential  field  continuity 
across  media  interfaces,  as  discussed  earlier,  without  hav¬ 
ing  to  compute  the  incident  held  at  possibly  thousands  or 
tens  of  thousands  of  points  along  complicated  media-inter- 
faceloo  that  are  unique  to  each  target.  The  zoning  arrange¬ 
ment  of  Fig.  3(a)  requires  computation  of  the  incident  field 
only  along  the  rectangular  connecting  surface  between 
total-field  and  scattered-field  regions.  This  surface  is  fixed, 
that  is,  independent  of  the  shape  or  composition  of  the 
enclosed  target  being  modeled.  A  substantial  benefit  in 
computer  running  time  arises  as  a  result,  a  benefit  that 
increases  as  the  complexity  of  the  target  increases. 

3)  Systematic  computation  of  bistatic  PCS.  The  provi¬ 
sion  of  a  well-defined  scattered-field  region  in  the  FD-TD 
lattice  permits  the  near-held  to  far-field  transformation 
illustrated  in  Fig.  3(b).  The  dashed  virtual  surface  (field 
observation  locus)  shown  m  Fig.  3(b)  can  be  located  along 
convenient  lattice  planes  in  the  scattered-field  region  of  Fig. 
3(a).  Tangential  scattered  £  and  H  fields  computed  via  FD- 
TD  at  this  virtual  surface  can  then  be  weighted  by  the  tree- 
space  Green  s  function  and  then  integrated  (summed)  to 
provide  the  far-neld  response  and  RCS  (full  bi  static  response 
for  the  assumed  illumination  angle)(12]-(14).  The  near- field 
integration  surface  has  a  fixed  rectangular  shape  and  thus 
is  independent  of  the  shape  or  composition  of  the  enclosed 
target  being  modeled. 

Fig.  3(a)  uses  the  term  "lattice  truncation”  to  designate 
the  outermost  lattice  planes  in  the  scattered-field  region. 
The  fields  at  these  planes  cannot  be  computed  using  the 
centered-differencing  approach  discussed  earlier  because 
o»  the  assumed  absence  of  known  field  data  at  points  out¬ 
side  of  the  lattice  truncation.  These  data  are  needed  to  form 
the  central  differences.  Therefore,  an  auxiliary  lattice  trun¬ 
cation  condition  is  necessary.  This  condition  must  be  con¬ 
sistent  with  Maxwell's  equations  in  that  an  outgoing  scat¬ 
tered-wave  numerical  analog  striking  the  lattice  truncation 
must  exit  the  lattice  without  appreciable  nonphysical 
reflection,  (ust  as  if  the  lattice  truncation  was  invisible. 

It  has  been  shown  that  the  required  lattice  truncation 
condition  is  really  a  radiation  condition  in  the  near  field 
(15]-(ir).  A  very  successful  second-order  accurate  finite-dif¬ 
ference  approximation  of  the  exact  radiation  condition  in 
Cartesian  coordinates  was  introduced  in  (li).  This  approx¬ 
imation  was  subsequently  used  in  a  variety  of  two-  and  three- 
dimensional  FD-TD  scattering  codes  (12]-(14|,  yielding 
excellent  results  for  both  near  and  far  fields.  (For  example, 
all  FD-TD  results  m  this  paper,  with  the  exception  of  the 


missile  seeker  model  of  Section  VI,  were  obtained  using 
these  codes.)  However,  recent  interest  in  wide-dynamic- 
range  models  of  scattering  has  prompted  research  in  the 
construction  of  even  more  accurate  near-field  radiation 
conditions,  including  fixed  third-order  approximations  (18). 
(19),  adaptive  conditions  (20),  and  predictor-corrector  con¬ 
ditions  (21).  The  goal  here  is  to  reduce  the  numerical  lattice 
noise  due  to  nonphysical  reflections  of  wave  analogs  at  the 
lattice  truncations  by  at  least  one  order  of  magnitude  (20 
dB)  relative  to  that  achieved  by  the  second-order  condition 
of  (11). 

IV,  FD-TD  MOOELinc  Validations  eor  Canonical  Two- 
Dimensional  Tarcets 

Analytical  and  code-to-code  validations  have  been 
obtained  relative  to  FD-TD  modeling  of  a  wide  variety  of 
canonical  two-dimensional  targets.  Both  convex  and  reen¬ 
trant  (cavity-type)  shapes  have  been  studied.  Further,  target 
material  compositions  have  included  perfect  conductors, 
homogeneous  and  inhomogeneous  lossy  dielectrics,  and 
anisotropic  dielectric  and  permeable  media.  Selected  val¬ 
idations  will  be  reviewed  here. 

A.  Square  Metal  Cylinder,  TM  Polarization  [12] 

Here  we  consider  the  scattering  of  a  TM-polarized  plane 
wave  obliquely  incident  upon  a  square  metal  cylinder  of 
electrical  size  k0s  ■  2,  where  s  is  the  side  width  of  the  cyl¬ 
inder.  The  FD-TD  grid  employs  square  unit  cells  of  size 
s'20,  and  the  grid  truncation  (radiation  boundary)  is  located 
at  a  uniform  distance  of  20  cells  from  the  cylinder  surface. 

Fig.  4  compares  the  magnitude  and  phase  of  the  cylinder 
surface  electric  current  distribution  computed  using  FD- 
TD  to  that  computed  using  a  benchmark  frequency-domain 
electric-field  integral  equation  (EFIE)  method-of-moments 
(MoM)  code.  The  MoM  code  assumes  target  symmetry  and 
discretizes  one-half  of  the  cylinder  surface  with  84  divi¬ 
sions.  The  FD-TD  computed  surface  current  is  taken  as 
A  x  H,tn,  where  h  is  the  unit  normal  vector  at  the  cylinder 
surface  and  H„n  is  the  FD-TD  value  of  the  magnetic  field 
vector  component  in  free  space  immediately  adjacent  to 
the  cylinder  surface.  From  Fig.  4  we  see  that  the  magnitude 
of  the  FD-TD  computed  surface  current  agrees  with  the 
MoM  solution  to  better  than  ±T%  (+0.09  dB)  at  all  com¬ 
parison  points  more  than  2  FD-TD  space  cells  from  the  cyl¬ 
inder  corners  (current  singularities).  3  ne  phase  of  the  FD- 
TD  solution  agrees  with  the  MoM  solution  to  within  ^3° 
at  virtually  every  comparison  point,  including  the  shadow 
region. 

8.  Circular  Muscle-Fat-Layered  Cylinder,  TE  Polarization 

122] 

Here  we  consider  the  penetration  of  a  TE-polarized  plane 
wave  into  a  15-cm-radius  muscle-fat-layered  cylinder.  The 
inner  layer  (radius  7.9  cm)  is  assumed  to  be  comprised  of 
muscle  having  a  relative  permittivity  of  72  and  a  conduc¬ 
tivity  of  0.9  S/m.  The  outer  layer  is  assumed  to  be  comprised 
of  fat  having  a  relative  permittivity  of  7.5  and  a  conductivity 
of  0.048  S/m.  An  illumination  frequency  of  100  MHz  is  mod¬ 
eled,  with  the  FD-TD  grid  cell  size  set  equal  to  1.5  cm 
(approximately  1/24  wavelength  within  the  muscle).  A 
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Fig.  4.  Comparison  of  FD-TD  and  EFIE-MoM  results  for  lon¬ 
gitudinal  surface  electric  current  distribution  induced  on  a 

perfectly  conducting  squarecylmder  of  size  M  -  2.  (a)  Mag¬ 
nitude  <b)  Phase  (121 


stepped-edge  (staircase)  approximation  of  the  circular  layer 
boundaries  is  used. 

Fig,  5,  taken  from  [22],  shows  the  analytical  validation 
results  for  the  magnitude  of  the  penetrating  electric  field 
vector  components  along  two  cuts  through  the  muscle-fat 
cylinder,  one  parallel  to  the  direction  of  propagation  of  the 
incident  wave,  and  one  parallel  to  the  incident  electric  field 
vector.  The  exact  solution  is  obtained  by  summing  suffi- 
cient  terms  of  the  eigenfunction  expansion  to  assure  con¬ 
vergence  of  the  sum.  Excellent  agreement  of  the  FD-TD  and 
exact  solutions  is  noted,  even  at  jump  discontinuities  of  the 
field  or  the  slope  of  the  field  distribution  that  occur  at  the 
layer  boundaries.  This  fine  agreement  is  observed  despite 
the  stepped-edge  approximation  of  the  circular  layer 
boundaries. 

C.  Homogeneous.  Anisotropic.  Square  Material  Cylinder, 
TM  Polarization  [23] 

The  ability  to  independently  specify  electrical  permittiv¬ 
ity  and  conductivity  for  each  f  vectorcomponent  in  the  FD- 
TD  lattice,  and  magnetic  permeability  and  equivalent  con¬ 
ductivity  for  each  H  vector  component,  leads  immediately 
to  the  possibility  of  using  FD-TD  to  model  material  targets 
having  diagonal-tensor  electric  and  magnetic  properties. 
No  alteration  of  the  basic  FD-TD  algorithm  is  required.  The 
more  complicated  behavior  associated  with  off-diagonal 
tensor  components  can  also  be  modeled,  in  principle,  with 
some  algorithm  complications  (24). 

Recent  development  of  analytical  and  numerical  treat¬ 
ment  of  coupled  surface  combined-field  integral  equations 
(CFIE)  for  modeling  scattering  by  arbitrarily  shaped  two- 
dimensional  anisotropic  targets  [23]  has  permitted  detailed 
tests  of  the  accuracy  of  FD-TD  anisotropic  models.  Fig.  6 
illustrates  the  results  of  one  such  test.  Here  the  magnitude 
of  the  equivalent  surface  electric  current  induced  by  TM 
illumination  of  a  square  anisotropic  Cylinder  is  graphed  as 
a  function  of  position  along  the  cylinder  surface  for  both 
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Fig.  5.  Comparison  ol  FD-TO  and  exact  summed-eigenfunction  solutions  for  distribu¬ 
tions  of  penetrating  electric  field  vector  components  within  a  circular  musclefat-layered 
cylinder,  TE  polarization  case  at  100  MHz  (22]. 
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fit-  6.  Comparison  o(  FD-TD  and  CFIE-MoM  results  tor 
longitudinal  surface  electric  current  distribution  induced 
on  an  anisotropic  dielectric-permeable  square  cylinder  of 
sue  *oJ  »  5,  TM  case  (23], 

the  FD-TD  and  the  CFIE  MoM  models.  The  incident  wave 
propagates  in  the  +y  direction  and  has  a  +/-directed  elec¬ 
tric  field.  The  square  cylinder  has  an  electrical  size  k0 s  » 
5,  permittivity  <„  *  2,  and  diagonal  permeabili'.y  tensor 
*  2  and  iin  >»  4.  For  the  test  shown,  the  FD-TD  grid  cell  size 
is  set  equal  to  s/50,  and  the  radiation  boundary  is  located 
at  a  uniform  distance  of  20  cells  from  the  cylinder  surface. 

From  Fig  6  we  see  that  the  FD-TD  and  CFIE  results  agree 
very  well  almost  everywhere  on  the  cylinder  surface,  despite 
the  presence  of  a  complicated  series  of  peaks  and  nulls. 
Disagreement  is  noted  at  the  cylinder  corners  where  CFIE 
predicts  sharp  local  peaks,  but  FD-TD  predicts  local  nulls. 
Studies  are  continuing  to  resolve  this  corner  pnysics  issue. 

D.  Circular  Metal  Cylinder,  TC  and  TM  Polarization 

A  significant  flaw  in  previous  FD-TD  models  of  con¬ 
ducting  structures  with  smooth  curved  surfaces  has  been 
the  need  to  use  stepped-edge  (staircase)  approximations  of 
the  actual  structure  surface.  Although  not  a  serious  prob¬ 
lem  for  modeling  wave  penetration  and  scattering  for 
low-Q  metal  cavities,  recent  FD-TD  studies  have  shown  that 
stepped  approximations  of  curved  walls  and  aperture  sur¬ 
faces  can  shift  center  frequencies  of  resonant  responses  by 
1-2%  for  Q  far.-ors  of  30  to  80,  and  can  possibly  introduce 
spurious  nulls  125).  In  the  area  of  scattering  by  convex 
shapes,  the  use  of  stepped- surface  approximations  has  lim¬ 
ited  application  of  FD-TD  in  modeling  the  important  class 
of  targets  where  surface  roughness,  exact  curvature,  and 
dielectric  or  permeable  loading  are  important  factors  m 
determining  the  radar  c'Oss  section. 
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Recently  three  different  tvpes  of  FD-TD  conformal  sur¬ 
face  model'  have  been  proposed  and  examined  for  scat¬ 
tering  ptoblems: 

1)  Locally  distorted  grid  models.  These  preserve  the 
basic  Cartesian  grid  arrangement  of  field  components  at  all 
space  cells  except  those  immediately  adiacent  to  the  target 
surface.  Space  cells  adjacent  to  the  target  surface  are 
deformed  to  conform  with  the  surface  locus.  Slightly  mod¬ 
ified  time-stepping  expressions  for  the  field  components 
in  these  cells  are  obtained  by  applying  either  a  modified 
finite-volume  technique  [26]  or  the  integral  form  of  Fara¬ 
day's  law  and  Ampere’s  law  about  the  perimeters  of  the 
deformed  space  cells  [27], 

2)  Globally  distorted  grid  models,  body  fitted.  These 
employ  available  numerical  mesh  generation  schemes  to 
construct  non-Cartesian  grids  which  are  continuously  and 
globally  stretched  to  conform  with  smoothly  shaped  tar¬ 
gets.  In  effect,  the  Cartesian  grid  is  mapped  to  a  numerically 
generated  coordinate  system  wherein  the  target  surface 
contour  occupies  a  locus  of  constant  equivalent  "radius.” 
Time-stepping  expressions  are  adapted  either  from  the 
Cartesian  FD-TD  case  [28)  or  from  a  characteristics-based 
method  used  in  computational  fluid  dynamics  [29], 

3)  Globally  distorted  grid  models,  unstructured.  These 
employ  available  mesh  generation  schemes  to  construct 
non-Cartesian  grids  comprised  of  an  unstructured  array  of 
space-filling  cells.  Target  surface  features  are  appropriately 
fit  into  the  unstructured  grid,  with  local  grid  resolution  and 
cell  shape  selected  to  provide  the  desired  geometric  mod¬ 
eling  aspects.  An  example  of  this  class  is  the  control-region 
approach  discussed  in  (30). 

Research  is  ongoing  for  each  of  these  types  of  conformal 
surface  models.  Key  quest. ons  concerning  the  usefulness 
of  each  model  include  the  following: 

1)  Computer  resources  involved  in  mesh  generation 

2)  Severity  of  numerical  artifacts  introduced  by  grid  dis¬ 
tortion,  including  numerical  instability,  dispersion, 
nonphysical  wave  reflection,  and  subtraction  noise 
limitation  of  near-field  computational  dynamic  range 

3)  Comparative  computer  resources  for  running  the 
actual  RCS  models,  especially  for  three-dimensional 
targets  spanning  more  than  10  wavelengths 

The  accuracy  of  locally  distorted  grid  models  using  the 
integral  form  of  Faraday's  law  applied  around  the  perim¬ 
eters  of  the  deformed  space  cells  adjacent  to  a  smoothly 
curved  target  is  illustrated  in  Fig.  7  for  TE  and  TM  illumi¬ 
nation  cases.  Here  a  moderate-resolution  Cartesian  FD-TD 
grid  (having  1/20  wavelength  cell  size)  is  used  to  compute 
the  azimuthal  or  longitudinal  current  distribution  on  the 
surface  of  aka  *  5  circular  metal  cylinder.  For  both  polar¬ 
izations  it  is  seen  that  the  conformal  FD-TD  model  achieves 
an  accuracy  of  1.5%  or  better  at  most  surface  points  relative 
to  the  exact  series  solution.  Computer  running  time  for  the 
conformal  FD-TD  model  is  essentially  the  same  as  ior  the 
old  staircase  FD-TD  model  since  only  a  few  H  components 
immediately  adjacent  to  the  target  surface  require  a  slightly 
modified  time-stepping  relation. 

f  Flanged  Metal  Open  Cavity  [20],  [31  j 

Here  we  consider  the  interaction  of  a  TM-polarized  plane 
wave  obliquely  incident  upon  a  flanged  metal  open  cavity. 
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Fig.  7.  Comparison  of  FD-TD  and  exact  summed-eigenfunction  solutions  for  surface 
electric  current  distribution  induced  on  a  *0a  ■  S  circular  conducting  cylinder  (conformal 
FD-TD  model  used.  0.05  wavelength  grid  cell  sue),  (a)  TE  case,  azimuthal  current,  (b)  TM 
case,  longitudinal  current  (27). 


The  open  cavity  is  formed  by  a  flanged  parallel-plate  wave¬ 
guide  having  a  plate  spacing  a  «■  1  m,  short-circuited  by  a 
metal  plate  located  at  a  distance  d  »  1  m  from  the  aperture, 
At  the  assumed  illumination  frequency  of  382  MHz,  ka  <■ 
kd  8,  and  only  the  first  two  TE  waveguide  modes  prop¬ 
agate  within  the  open  cavity.  An  oblique  angle  of  incidence 
a  =  30°  is  assumed  for  this  case. 

Fig.  8  compares  the  magnitude  and  phase  of  the  pene¬ 
trating  electric  field  within  the  cavity  2/3  m  from  the  aper¬ 
ture  computed  using  FD-TO  to  that  obtained  analvticaliy 
using  a  cavity  modal  expansion  and  on-surface  radiation 
condition  (OSRC)  theory  (31).  Good  agreement  is  seen.1  Fig. 

'it  should  be  noted  that  the  results  obtained  using  the  cavity 
modal  expansion  and  OSRC  represent  a  good  approximation,  but 
not  a  rigorous  solution. 


9  shows  a  similar  comparison  for  the  bistatic  RCS  pattern 
due  to  the  induced  aperture  field  distribution.  Again,  good 
agreement  is  noted. 

V.  FD-TD  Modeunc  Validations  for  Canonical  Three- 
Dimensional  Tarcets 

Analytical,  code-to-code,  and  experimental  validations 
have  been  obtained  relative  to  FD-TD  modeling  of  a  wide 
variety  of  canonical  three-dimensional  structures,  includ¬ 
ing  cubes,  flat  plates,  corner  reflectors,  and  aperture-per¬ 
forated  cavities,  Selected  validations  will  be  reviewed  here. 

A.  Metal  Cube,  Broadside  Incidence  [13] 

Results  are  now  shown  lor  the  FD-TD  computed  surface 
electric  current  distribution  on  a  metal  cube  subject  to 
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Fig.  8.  Comparison  of  FD-TD  and  modaliOSRC  approximate  solution  for  penetrating 
electric  field  distribution  2/3  m  within  flanged  open  cfvity.  U)  Magnitude,  (bl  Phase  (201, 
(31). 


plane-wave  illumination  at  broadside  incidence.  The  elec¬ 
tric  current  distribution  is  compared  to  that  computed  by 
a  standard  frequency-domain  MoM  code  which  discretizes 
target  surfaces  using  triangular  patches.  It  is  shown  that  a 
very  high  degree  of  correspondence  exists  between  the  two 
sets  of  predictive  data. 

The  detailed  surface  current  study  involves  a  cube  of 
electrical  size  <t0s  =  2,  where  s  is  the  side  width  of  the  cube. 
For  the  FD-TD  model,  each  face  of  the  cube  is  spanned  by 
20  x  20  space  cells,  and  the  radiation  boundary  is  located 
at  a  uniform  distance  of  15  cells  from  thecube  surface  For 
the  MoM  model,  oach  face  of  the  cube  is  spanned  by  either 
18  or  32  triangular  patches  to  test  the  convergence  of  the 
MoM  mode.'.  Comparative  results  for  surface  current  are 


graphed  along  two  s'raight-line  loci  along  the  cube:  abed, 
which  is  in  the  plane  of  the  incident  magnetic  fielr* ,  and 
ab'e  d ,  which  is  in  the  plane  of  the  incident  electric  field. 

Fig  10 compares  the  FD-TD  and  MoM  results  forthemag- 
nitude  and  phase  ot  the  "looping"  current  along  ab  c'd- 
The  FD-TD  values  agree  with  the  high-resolution  MoM  data 
to  better  than  ±2.5%  (±0.2  dB)  at  all  comparison  points. 
Phase  agreement  for  the  same  sets  of  data  is  better  than 
±1°.  (The  low-resolution  MoM  data  have  a  phase  anomaly 
in  the  shadow  regio  i.)  In  Fig.  11,  comparably  excellent 
agreerr,  ent  is  obtainer,  for  the  z-directed  current  along  abed, 
but  only  after  incn,  poration  of  an  a  priori  edge-correction 
term  m  the  MoM  code  (32)  to  enable  it  to  properly  model 
the  current  singularities  at  the  cube  comers  b  and  c. 
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Fig.  9.  Comparison  of  FD-TD  2nd  modal/OSRC  approximate  solution  for  Oistatic  radar 
cross  section  due  to  induced  aperture  field  distribution  of  flanged  open  cavity  [201.  (32 J- 


6ig.  10  Comparison  of  FD-TD  and  Efl£-MoM  results  for 
surface  --  sctric  current  distribution  induced  along  E-plane 
loc  us  of  a  perfectly  conducting  cube  of  size  k0s  ■  2  (a)  Mag- 
nftu  .e. o)  Phase  [13). 


B.  Flat  Conducting  Plate.  Multiple  Monostatic 
Observations  [Ul.  [24] 

We  next  consider  a  30  x  10  x  0.65  cm  flat  conducting 
plate  target.  At  1  GHz.  where  the  plate  spans  1*13  V;.  a 
comparison  is  made  between  FD-TD  and  MoM  results  for 
the  monostatic  RCS  versus  observation-angle  ‘look-angle) 
azimuth,  keeping  the  elevation  angle  fixed  at  90-  as  show  n 
m  Fig.  12(a).  Here  the  FD-TD  model  uses  a  unitorm  cell  size 
of  0.625  cm  (Xo/48).  forming  the  plate  by  48  x  16  x  1  cells. 
The  radiation  boundary  is  located  at  a  uniform  distance  of 
only  8  cells  from  the  plate  surface.  For  the  MoM  model,  a 
study  of  the  convergence  of  the  computed  broadside  RCS 
indicates  that  the  plate  thickness  must  be  accounted  for  by 
using  narrow  ‘ide  patches,  and  the  space  resolution  of  each 
patch  should  be  finer  than  approximately  0.2  V  As  a  result, 
the  MoM  model  forms  the  plate  by  .0  x  J  x  1  divisions, 
yielding  a  total  of  172  triangular  surface  patches.  Fig.  12(a) 
shows  excellent  agreement  between  the  two  models,  within 
about  ±0.2  dB. 

At  9  CHz,  the  plate  spans  9  x  3  and  the  use  of  the  MoM 
model  is  virtually  precluded  because  of  its  large  compu¬ 
tational  burden.  If  we  follow  the  convergence  guidelines 
discussed,  the  plate  would  require  appproximately  50  x  15 
x  1  divisions  to  properly  converge,  yielding  a  total  of  3260 
triangular  surface  patches  and  requiring  the  generation  and 
inversion  of  a  4690  x  4690  complex-valued  system  matrix. 
On  the  other  hand,  FD-TD  remains  feasible  for  the  plate 
at  9  Gi  I...  Choosing  a  uniform  cell  size  o'  0  3125  cm  (X,. 
10.667),  the  plate  is  formed  by  96  x  32  x  2  cells.  With  the 
radiation  boundary  again  located  only  B  cells  from  the  plate 
surface,  the  overall  lattice  size  is  112  x  46  x  18,  containing 
560  608  unknown  field  components  (real  numbers).  Fig. 
12(b)  shows  exceMent  agreement  between  the  FD-TD  results 
and  measurements  o.  the  monostatic  RCS  versus  look-angle 
azimuth  performed  in  the  anechoic  chamber  facility  oper¬ 
ated  by  SRI  International.  The  observed  agreement  is  within 
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Fig.  11.  Comparison  or  FD-TD  and  EFlE-MoM  results  for 
surtace  electric  current  distribution  induced  along  H-plane 
locus  of  a  perfectly  conducting  cubeot  size  k0s  *  2.  (a)  Mag¬ 
nitude  ib)  Phase  [13] 


1  dB  and  1°  of  look  angle.  As  will  be  seen  next,  this  level 
of  agreement  is  maintained  for  more  complicated  three- 
dimensional  targets  having  corner-reflector  properties. 

C  T-Sbr  pvd  Target,  Multiple  Monostatic  Observations 

m  12--, 

We  last  consider  the  monostatic  RCS  pattern  of  a  crossed- 
plate  target  comprised  of  two  flat  conducting  plates  elec¬ 
trically  bonded  together  to  form  the  shape  of  a  T.  The  m  in 
platehasthedimensions30  x  10  x  0.33cmandthe  'bisect¬ 
ing"  fm  has  the  dimensions  10  x  10  x  0.33  cm.  (Due  to  a 
construction  error,  the  centerline  of  the  bisecting  fin  is 
actually  positioned  0.37  cm  to  the  right  of  the  centerline  of 
the  mam  plate.  This  is  accounted  for  m  the  FD-TD  model.) 
The  illumination  is  a  9.0-GHz  r-lane  wave  at  90®  elevation 
angle,  polarized  TE  with  respect  to  the  mam  plate  Thus  the 
entire  T-shaped  target  spans  9  x  3  x  3  Mote  that  mono¬ 
static  RCS  observations  at  azimuth  angles  «  between  90® 
and  180°,  asdefmedmFig.i3,are  influenced  by  substantial 


i'  (Look  Aft^n  t  0«g'««t  Tfom  6'oodt>d«  ) 

ia> 


Fig.  12.  Validation  of  FD-TD  results  for  monostatic  radar 
cross  section  ol  flat  conducting  plate  lai  Versus  EFIE-MoM 
at  1  GHz  (plate  size  1  x  1'3  wavelength)  tb)  Versus  SRI  mea¬ 
surements  at  9  GHz  (plate  size  9x3  wavelengths)  [14],  (24). 


corner  reflector  physics.  This  iscomplicated  by  the  fact  that 
the  sides  of  the  corner  reflector  have  unequal  lengths  (3Xo 
versus  4.5Xob  and  further  the  target  is  not  simply  a  single 
corner  reflector,  but  actually  two  corner  reflectors,  back  to 
back. 

For  this  target,  the  FD-TD  model  uses  a  uniform  cell  size 
of  0.3125  cm  (  \y 10.667),  forming  the  mam  plate  by  96  x  32 
x  1  cells  and  the  bisecting  fin  by  32  x  32  x  1  cells.  With 
the  radiation  boundary  again  located  on!v8cell$  from  the 
target's  maximum  surfaceextensions,  theoverall  lattice  size 
is  112  x  48  x  48  cells,  containing  1  548  288  unknown  field 
components,  and  encompassing  a  total  volume  of  212.6 
cubic  wavelengths.  Starting  with  zero-field  initial  condi¬ 
tions,  661  time  steps  are  used  per  monostatic  observation 
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Fig.  13.  Experimental  validation  of  f  D- TO  modeling  prediction!  of  monostatic  radar  cross 
sec  lion  versus  azimuth  for  crossed-platetargei  at  9  GHz;  main  plate  size  9  x  3  wavelengths, 
bisecting  nn  size  J  x  3  wavelengths)  (uj,  (2a;. 


to  attain  the  sinusoidal  steadv  state,  equivalent  to  31  cycles 
of  the  incident  wave  at  9.0  GHz. 

Fig.  13  compares  the  FD-TD  predicted  monostatic  RCS 
values  at  32  key  look-angle  azimuths  oetween  03  and  180° 
with  measurements  performed  by  SRI  International.  Tnese 
azimuths  are  selected  to  detme  the  major  peaks  and  nulls 
of  the  monostatic  RCS  pattern  It  is  seen  that  the  agreement 
is  again  excellent:  in  amplitude,  within  about  1  dB  over  a 
total  RCS-pattern  dynamic  range  exceeding  40  d8  and  in 
azimuth,  wit hir.  1°  in  locating  the  peaks  and  nulls  of  the  RCS 
pattern.  Note  especially  the  fine  agreement  (or  azimuths 
greater  than  <*0°,  where  the  asymmetrical  corner  reflector 
induces  an  enhancement  of  the  monostatic  RCS  response 
with  substantial  fine-grained  detail  in  the  RCS  pattern.  As 
of  the  publication  of  114],  this  case  (and  similar  cases  studied 
hi  (24|)  represented  the  largest  detailed  three  dimensional 
numerical  scattering  models  of  anv  type  ever  verified 
wherein  a  uniformly  fine  spatial  resolution  and  the  ability 
to  treat  nonmetallic  composition  are  incorporated  in  the 
model 

VI.  Pctfi'iAL  of  FD-TO  for  Moouinc  Very  Complex 
OB'tCTS 

Two  characterises  of  FO-TO  cause  it  to  be  very  prom¬ 
ising  for  numerical  modeling  of  electromagnetic  wave 
mtenctions  with  very  complex  objects.  1)  Dielectric  and 
permeable  media  can  be  specified  independently  for  each 
electric  and  magnetic  field  vector  component  in  the  three- 
dimensional  volume  being  modeled.  Since  there  mav  be 
tens  of  millions  of  such  vector  components  m  large  FD-TD 
models,  inhomogeneous  media  of  enormous  complexity 
cm  be  specified  in  principle  2)  The  required  computer 
resources  for  this  type  of  detailed  volumetric  modeling  are 
dimensionally  low,  onlv  of  order  SI,  where  N  is  the  number 
of  space  cells  in  the  FD-TO  lattice. 

The  emergence  of  supercomputers  has  recently  permit¬ 
ted  FD-TD  to  be  seriously  applied  to  a  number  of  very  com¬ 


plex  electromagnetic  wave  interaction  problems.  Two  of 
these  are  reviewed  briefly. 

A.  UHF  Penetration  imo  a  Complex  Missile  Seeker 
Section  [5J,  [7] 

Here  FD-TD  is  applied  to  model  the  penetration  of  an 
axially  incident  300-MHz  plane  wave  into  a  metal-coated 
missile  guidance  section.  The  FD-TD  model,  shown  m  Fig 
14,  contains  the  following  elements:  1)  magnesium  fluoride 
infrared  dome,  2)  fiberglass  nose  cone  and  its  extei  nal  metal 
coating.  3)  circular  nose  aperture  just  back  of  the  infrared 
dome,  4)  head  coil  assembly,  5)  cooled  detect -ir  unit  with 
enclosing  phenolic  ring,  6)  preamplifier  can,  7)  wire  bundle 
connecting  the  cooled  detector  unit  to  the  preamplifier  can, 
8)  wire  bundle  connecting  the  preamplifier  can  to  the  metal 
backplane,  9)  longitudinal  meial  support  rods,  and  10)  cir¬ 
cumferential  sleeve-fitting  aperture,  loaded  with  fiberglass, 
where  the  seeker  section  |oms  the  thruster.  The  fiberglass 
structure  or  the  nose  cone  and  its  metalization  are  approx¬ 
imated  in  a  stepped-surface  manner,  as  is  the  infrared  dome. 

For  this  target,  the  FD-TD  model  uses  a  uniform  cell  size 
of  1/3  cm  (  KqI 300),  with  an  overall  lattice  size  of  100  x  48  x 
24  cells  containing  690  000  unknown  field  components.  (A 
single  symmetry  plane  is  used,  giving  an  effective  lattice 
size  of  100  x  48  x  48.)  The  model,  implemented  on  a  Con¬ 
trol  Data  STAR-100  (the  available  supercomputer  at  the 
time),  was  run  for  1800  time  steps,  equivalent  to  3  0  cycles 
of  the  incident  wave  at  300  MHz. 

Fig.  15  plots  contour  maps  of  the  FD-TD  computed  field 
vector  components  at  me  symmetry  plane  of  the  model  An 
important  observation  is  that  the  wire  bundles  connecting 
the  cooled  detector  unit,  preamplifier  can,  and  metal  back¬ 
plane  are  paralleled  bv  high-level  magnetic  field  contours 
(Fig.  15(b)],  This  is  indicative  of  substantial  uniform  current 
flow  along  each  bundle.  Such  curient  tlow  would  generate 
locally  a  magnetic  field  looping  around  the  wire  bundle 
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which,  when  'cut "  bv  the  symmetry  p'ane,  snows  up  as 
parallel  field  contours  spaced  equally  on  each  side  of  the 
bundle.  Using  a  simple  Ampere's  law  argument,  the  com¬ 
mon-mode  bundle  currents  can  be  calculated,  thus  obtain¬ 
ing  a  kev  transfer  function  between  free-field  incident  UHF 
plane-wave  power  density  and  coupled  wire  currents  within 
the  loaded  seeker  section  (5).  This  transfer  function  is  useful 
for  studies  of  intersystem  electromagnetic  compatibility 
and  vulnerability  to  high-power  microwaves. 

Although  th  *  ir.os.it'  seeker  model  was  structured  to 
demonstrat  'It?  capaoihty  0'  FD-TD  to  map  fields  pene- 
tratinp  mui  „  complex  structure  having  multiple  apertures 
ar  d  internal  engineering  details,  it  should  be 

understood  that  the  full  bistatic  RCS  pattern  of  the  target 
is  available  as  a  by-product"  with  virtually  no  additional 
effort  Further,  with  the  1  3-cm  space  resolution  used,  the 
FD-TD  penetration/RCS  model  discussed  is  useful  up  to  9 
CHz. 


8.  Whole-Body  Human  Dosimetry  at  VHF  and  UHF 
Frequencies  [ 33 ],  [34] 

Here  FD-TD  is  applied  to  model  the  penetration  of  plane 
waves  at  VHF  and  UHF  frequencies  into  the  entire  human 
body.  Directly  exploiting  the  ability  of  FD-TD  to  model 
media  inhomogeneities  down  to  the  space-cell  level,  highly 
realistic  three-dimensional  FD-TD  tissue  models  of  the 
complete  body  have  been  constructed.  Specific  elecrir?! 
parameters  are  assigned  to  each  of  the  elec'ric  field  vector 
components  at  the  16  000  to  JO  000  space  cells  comprising 
the  body  model.  Assignments  are  based  on  detailed  cross- 
section  tissue  maps  of  the  body  (as  obtained  via  cadaver 
studies  available  in  the  medical  literature),  and  cataloged 
measurements  of  tissue  dielectric  properties  Uniform  FD- 
TD  space  resolutions  asfmeasl.3cm  throughout  the  entire 
human  body  have  proven  feasible  with  the  Cray-2  super¬ 
computer. 

Fig.  16,  taken  from  (34),  shows  the  FD-TD  computed  con- 
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penelrjlmg  field  vet  lor  i  um|M>nont\  in  vcr 


tour  maps  of  (he  specific  absorption  rate  (SAR)  distribution  illustrate  the  high  level  of  detail  of  local  features  of  the  SAR 

along  horizontal  cuts  through  the  head  and  liver  of  the  distribution  that  is  possible  via  FD-TD  modeling  for  highly 

three-dimensional  inhomogeneous  human  model.  In  Fig.  realistic  tissue  models.  8y  implication,  these  results  also 

16(a)  the  incident  wave  has  a  power  density  of  1  mWicm1  show  the  applicability  of  FD-TD  modeling  to  ultracomplex 

at  3S0  MHz,  while  in  Fig.  16(b)  the  incident  wave  has  the  electromagnetic  wave-absorbing  media  for  RCS  mitigation 

same  p  iwer  density  but  is  at  100  MHz.  These  contour  maps  technology. 


1  «*/cn^  plane  «ave  power  density 


lb: 

Fig.  16.  FD-TD  computed  contour  maps  of  specific  absorption  me  SARi  due  to  pen¬ 
etrating  electromagnetic  fields  within  a  highly  realistic  three-dimensional  model  ol  the 
enure  human  body  (al  Along  horizontal  cut  through  head  at  350  MHz  ibi  Along  horizontal 

cut  through  liver  at  100  MHz  (34). 
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VII.  VlNV  L\K<.I-Snil  C<  IMI'L  UK  Sol  I IV  Mil 

The  FO-TO  method  is  naturally  suited  tor  large-scale  pro¬ 
cessing  by  state-of-the-art  vector  supercomputers  and  con¬ 
current  processors.  This  is  because  essentially  all  of  the 
arithmetic  operations  involved  in  a  typical  FO-TO  run  can 
be  vectorized  or  cast  into  a  highly  concurrent  lormat  Fur¬ 
ther,  the  order  i\  (demand  tor  computer  memory  and  clock 
cycles  iwhere  V  is  the  number  of  lattice  space  cells)  is 
dimensionally  low  and  permits  three-dimensional  FO-TO 
models  or  arbitrary  targets  spanning  50-100  X,,  to  be  antic¬ 
ipated  m  the  earlv  1990s. 

A  Cray-Based  Processing 

Let  us  now  consider  running  times  ot  present  FO-TO 
codes  implemented  on  Cray  supercomputers.  Table  5  lists 
running  rimes  tor  modeling  one  monostatic  RCS  obser- 


Table  5  Running  Times  oi  Present  FD-TD  Codes  tor  5  * 
3  *  3  V,  T-shaped  Target 


Machine 

Runmng  Time 

VAX  1 1  ■  780  mo  tloatmg-pomt  accelerator) 

40  hours 

Cray-2  ismgle  processor,  using  VAX  Fortran 

12  mmutes 

code) 

Cray-2  (single  processor,  some  code 

2  mmutes 

optimization) 

Cray  v-mp  ismgle  processor,  optimized  codei 

72  seconds 

Cray  V-MP  , eight  processors) 

9  seconds 

Cray-3  (sixteen  processors) 

3  seconds  'est  i 

1)  1  $}■  m.llion  unknown  field  components  Ml  time  steps 
:i  Complete  nme  history  oi  the  near  Held  is  computed  non  lero-iieid 
initial  condcoont  to  the  sinusoidal  tieidv  slate 
3l  Complete  butehc  RCS  pattern  is  obtained  tor  a  tingle  illumination  angle 
at  a  single  frequency 

4|  Running  nmet  t't  mcreated  by  SO- 100%  it  an  impulsive  tvciljfmn  yyith 
l|tt  Fourier  trantto in  it  uted  to  obtain  the  biStauc  RCS  pattern  at  a  mul¬ 
tiplicity  ot  Irequencet  nithm  the  tpectrum  ot  the  impulse  illumination 

vadon  of  the  9  x  3  x  3  T-shaped  target  discussed  m  Sec¬ 
tion  V-C.  (Recall  that  this  model  involves  an  overall  lattice 
volume  of  212  6  cubic  wavelengths  containing  1  546  288 
unknown  field  vector  components  time-stepped  from  zero- 
field  initial  conditions  to  the  sinusoidal  steady  state  over 
861  time  steps  i  Five  computing  systems  are  listed  in  the 
table  The  first  is  the  Digital  Equipment  VAX  11/780  without 
iloatmg-point  accelerator.  The  second  is  a  single  processor 
of  the  Cray-2,  using  the  VAX  Fortran  code  either  directly  or 
after  some  optimization  to  take  advantage  of  the  vector- 
ization  and  memory  capabilities  of  the  Cray-2.  The  third  and 
fourth  are,  respectively,  single-processor  and  eight-pro¬ 
cessor  versions  of  the  Cray  Y-MP,  using  optimized  Fortran.-’ 
The  fifth  is  the  lb-processor  Cray-3,  scheduled  tor  initial 
usage  m  late  1989.  (Running  time  forthiscase  isestimated  i 
Table  S  reveals  an  extraordinary  reduction  of  FD-TD  run¬ 
ning  time  per  monostatic  RCS  observation  that  has  occurred 

'Mulhprocessmgon  the  Cray  Y-MP  can  be  trivially  accomplished 
tor  this  inowi  relatively  small  target  by  simultaneously  placing  eignt 
md  i/idual  processes,  each  representing  one  monusutic  obser¬ 
vation  angle  on  the  eight  individual  processors  ot  the  machine 
For  'he  much  larg-.-r  targets  ot  current  and  tuturc  interest,  th.s  pro¬ 
cedure  will  not  work  because  of  memory  conflicts  between  pro¬ 
cessors  Such  targets  will  require  only  a  single  FD-TD  process  to 
be  run  on  the  machine,  with  the  computational  burden  tor  this  one 
process  shared  bs  the  available  processors  Analogous  statements 
can  be  made  lor  the  lb  processor  Cray-3 


during  the-  p jit  tew  Vt’jrv  Simple  evtr  jpoljlion  ot  the  Cr.iv  • 
3  running  time  indicated  in  the  table  to  50-.\„  eld"  three- 
dimensional  targets  containing  on  the  order  ot  too  000 1  ubic 
wavelengths  indicates  essential  feasibility  with  no  umber 
improvements  in  Cray  technology  beyond  the  Cray  ■ )  It  is 
clear  that  succeeding  generations  ot  such  machines  in  the- 
1990s  and  bevond  vsill  permit  routine  engineering  usage  m 
FD-TD  lor  modeling  general  electromagnetic  v\jye  inter¬ 
actions  (including  RCSi  involving  electrically  large  struc¬ 
tures. 

B  The  Connection  Machine 

An  interesting  prospect  that  has  recently  arisen  is  the 
reduction  of  the  order  IN  )  computational  burden  ot  FD-TD 
to  order  (.%  '  ').  This  possibility  is  a  consequence  ot  the 
appearance  of  the  Connection  Machine  iC.Mt.  yshich  has 
tens  ot  thousands  of  simple  processors  and  associated  bit¬ 
wise  memories  arranged  in  a  highly  emcient  manner  tor 
processor-to-processor  communication.  With  the  CM,  a 
single  processor  could  be  assigned  to  store  and  time-step 
a  single  rosv  ot  vector  held  components  in  a  three-dimen¬ 
sional  FD-TD  space  lattice.  For  example.  1  500  000  proces¬ 
sors  would  be  sumcient  to  store  the  six  Cartesian  com¬ 
ponents  of  £  and  H  tor  each  ot  the  500  x  500  rows  ot  a  cubic 
lattice  spanning  50 A.,(assummg  10 cells-' X<,  resolution).  FD- 
TD  time  stepping  would  be  performed  via  row  operations 
mapped  onto  the  individual  Cm  processors.  These  row 
operations  would  be  perrormed  concurrently.  Thus  for  a 
tixed  number  of  time  steps,  the  total  running  time  would 
be  proportional  to  the  time  needed  to  perform  a  single  row 
operation,  which  m  turn  would  be  proportional  to  the  num¬ 
ber  ot  held  vector  components  in  the  row  ,  or  order  (.%  '  J>. 

For  the  50- Xo  cubic  lattice  noted  above,  this  would  imply 
adimensional  reduction  oi  thecomputauonal  burden  from 
order  1 300 ')  to  order  (500),  a  tremendous  benefit.  Asa  result, 
n  is  conceivable  that  a  suitably  scaled  CM  could  model  one 
monostatic  RCS  observation  angle  of  a  50-X«  three-dimen¬ 
sional  target  monly  a  few  seconds,  achieving  effective  float¬ 
ing-point  rates  on  the  order  of  100  gigaflops  110  or  more 
complete  Crav-3s>.  For  this  reason,  FD-TD  algorithm  devel¬ 
opment  tor  the  Cm  is  a  promising  areaot  research  tor  devel¬ 
oping  ultralarge  numerical  models  of  general  electromag¬ 
netic  wave  interactions,  including  RCS. 

VIII.  Conclusion 

This  paper  has  presented  a  number  of  two-  and  three- 
dimensional  examples  of  FD-TD  numerical  modeling  of 
electromagnetic  wave  scattering  and  penetration  The 
obiects  modeled  ranged  in  nature  from  simple  geometric 
shapes  to  extremely  complex  aerospace  and  biological  sys¬ 
tems  in  all  cases  studied  to  date  where  rigorous  analytical, 
code  to-code,  or  experimental  validations  were  possible, 
FD-TD  predictive  data  for  near  fields  and  RCS  were  m  excel¬ 
lent  agreement  with  the  benchmark  data  With  continuing 
advances  m  FD-TD  modeling  theory  tor  target  features  rel¬ 
evant  to  the  RCS  problem,  and  with  continuing  advances 
in  vector-  and  concurrent-processing  supercomputer  tech¬ 
nology,  it  is  likely  that  FD-TD  numerical  mods-;  ng  will 
occupy  an  important  place  in  RCS  technology  m  five  1990s 
and  bevond  as  (he  need  tor  detailed  models  ol  three-dimen¬ 
sional  complex  material  struclures  spanning  50  X,,  or  more 
becomes  critical. 
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Abstftct 

This  paper  reviews  recent  applications  of  the 
finite-difference  time-domain  (fO-TO)  numerical  modeling 
approach  for  Maxwell's  equations.  FO-TO  Is  very  simple 
in  concept  and  execution.  However,  it  is  remarkably 
robust,  providing  highly  accurate  modeling  predictions 
for  a  wide  variety  of  electromagnetic  wave  interaction 
problems.  The  objects  modeled  to  date  range  from  simple 
2-0  geometric  shapes  to  extremely  complex  3-0  aerospace 
and  biological  systems.  Rigorous  analytical  or  experi¬ 
mental  validations  are  provided  for  the  canonical 
shapes,  and  it  is  shown  that  FD-TO  predictive  data  for 
near  fields  and  radar  cross  section  (RCS)  are  In  excel¬ 
lent  agreement  with  the  benchmark  data.  It  Is  concluded 
that,  with  continuing  advances  in  FD-TO  modeling  theory 
for  target  features  relevant  to  the  RCS  problem,  and 
with  continuing  advances  in  vector-  and  concurrent¬ 
processing  supercomputer  technology,  it  Is  likely  that 
FO-TD  numerical  modeling  will  occupy  an  important  place 
in  RCS  technology  in  the  1990' s  and  beyond. 

1.  Introduction 

Accurate  numerical  modeling  of  the  radar  cross 
section  (RCS)  of  complex  electrical ly-1 arge  objects  is 
difficult.  Typical  structures  have  shapes,  apertures, 
cavities,  and  material  compositions  or  coatings  which 
produce  near  fields  that  cannot  be  resolved  Into  finite 
sets  of  modes  or  rays.  Proper  numerical  modeling  cf 
such  near  fields  requires  sampling  at  sub-wavelength 
resolution  to  avoid  aliasing  of  magnitude  and  phase 
information.  The  goal  is  to  provide  a  self-consl stent 
model  of  the  mutual  coupling  of  all  of  the  electrically 
small  regions  (cells)  comprising  the  structure,- even  If 
the  structure  spans  tens  of  wavelengths  In  three 
dimensions. 

A  candidate  numerical  modeling  approach  for  this 
purpose  is  the  finite-difference  time-domain  (FD-TD! 
solution  of  Maxwell's  Curl  equations.  This  approach  is 
analogous  to  existing  finite-difference  solutions  of 
fluid-flow  problems  encountered  In  computational  aero¬ 
dynamics  in  that  the  numerical  model  is  based  upon  a 
direct  solution  of  the  governing  partial  differential 
equation.  let.  FD-TD  is  a  non-traditlonal  approach  to 
numerical  electromagnetic  modeling,  where  frequency- 
domain  approaches  have  dominated. 

One  of  the  goals  of  this  paoer  is  to  demonstrate 
that  recent  advances  in  FO-TD  modeling  concepts  and 
software  implementation,  combined  with  advances  In 
computer  technology,  have  expanded  the  scope,  accuracy, 
and  speed  of  FO-TD  modeling  to  the  point  where  it  may  be 
the  preferred  choice  for  certain  types  of  scattering 
problems.  With  this  in  mind,  this  paper  will  succinctly 
IVlT  t',e  following  FO-TD  numerical  modeling  applica¬ 
tions  dialing  with  electromagnetic  scattering  by 
canonical  two-  and  three-dimensional  targets:  ’  y 

»•  dielectric /permeable  cylinder,  conformally 

b.  Metal  cube,  broadside  incidence 


c.  Three-dimensional  T-shaped  conducting  target, 
monostatic  RCS  pattern 

d.  Trihedral  metal  corner  reflector,  monostatic  RCS 
pattern 

—  Bare  metal  case 

--  Coated  with  a  commercially  available  three- 
layer  radar  absorbing  material  (RAM.) 

Each  of  these  examples  compares  the  FD-TO  modeling 
results  with  other  data  obtained  via  analysis, 
alternative  numerical  procedures,  or  actual  measure¬ 
ments.  Numerous  other  examples,  including  models  of 
non-canonical  aerospace  and  biological  structures  of 
great  complexity,  are  available  in  the  references. 


As  stated.  FD-TD  is  a  direct  solution  of  Maxwell's 
time-dependent  curl  equations.  It  employs  no  poten¬ 
tials.  Instead,  It  applies  simple,  second-order 
accurate  central -difference  approximations  [1]  for  the 
space  ano  time  derivatives  of  the  electric  and  magnetic 
fields  directly  to  the  respective  differential  opera¬ 
tors  of  the  curl  equations.  This  achieves  a  sampled- 
data  reduction  of  the  continuous  electromagnetic  field 
in  a  volume  of  space,  over  a  period  of  time.  Space  and 
time  discretizations  are  selected  to  bound  errors  in 
the  sampling  process,  and  to  Insure  numerical  stability 
of  the  algorithm  [2],  Electric  and  magnetic  field  com¬ 
ponents  are  interleaved  in  space  to  permit  a  natural 
satisfaction  of  tangential  field  continuity  conditions 
at  media  Interfaces.  Overall,  FO-TD  is  a  marching-in- 
time  procedure  which  simulates  the  continuous  actual 
waves  by  sampled-data  numerical  analogs  propagating  in 
a  data  space  stored  in  a  computer.  At  each  time  step, 
the  system  of  equations  to  update  the  field  components 
Is  fully  explicit,  so  that  there  is  no  need  to  set  up 
or  solve  a  system  of  linear  equations,  and  the  required 
computer  storage  and  running  time  is  proportional  to 
the  electrical  size  of  the  volume  modeled. 

Fig.  la  illustrates  the  time-domain  wave  tracking 
concept  of  the  FD-TD  method.  A  region  of  space  within 
the  dashed  lines  is  selected  for  field  sampling  in 
space  and  time.  At  time  •  0,  it  Is  assumed  that  all 
fields  within  the  numerical  sampling  region  are  identi¬ 
cally  zero.  An  4nc1dent  plane  wave  is  assumed  to  enter 
the  sampling  region  at  this  point.  Propagation  of  the 
incident  wave  is  modeled  by  the  commencement  of  time- 
stepping,  which  is  simply  the  implementation  of  the 
finite-difference  analog  of  the  curl  equations.  Time- 
stepping  continues  as  the  numerical  analog  of  the 
incident  wave  strikes  the  modeled  target  embedded  with¬ 
in  the  sampling  region.  All  outgoing  scattered  wave 
analogs  ideally  propagate  through  the  lattice  trunca¬ 
tion  planes  with  negligible  reflection  to  exit  the 
sampling  region.  Phenomena  such  as  induction  of  sur¬ 
face  currents,  scattering  and  multiple  scattering, 
penetration  through  apertures,  and  cavity  excitation 
are  modeled  time-step  by  time-step  by  the  action  of  the 
curl  equations  analog.  Self-consistency  of  these 
modeled  phenomena  is  generally  assured  if  their  spatial 
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rig.  1.  Basic  elements  of  the  FO-TO  space  lattice: 

(a)  time-domain  wave  tracking  concept; 

(b)  lattice  unit  '-<11  In  Cartesian  coordinates  [1]. 


and  temporal  variations  are  well  re  solved  by  the  space 
and  time  sampling  proem- 

Time-stepping  is  continued  until  the  desired  late- 
time  pulse  response  or  si«<dv-sttte  behavior  is  achieved • 
An  important  example  of  vhn  latter  is  the  sinusoidal 
steady  state,  wherein  the  inc.dent  wave  is  assumed  tc 
have  a  sinusoidal  dependence,  and  ti  aw- steeping  is  con¬ 
tinued  until  all  fields  in  the  sampling  region  exhibit 
sinusoidal  repetition.  This  Is  a  consequence  of  the 
limiting  amplitude  principle  [3]  Extensive  numerical 
experimentation  with  FO-TO  has  shown  that  the  number  of 
complete  cycles  of  the  Incident  wave  required  to  be 
time-stepped  to  acnteve  the  sinusoidal  steady  state  is 
approximately  equal  to  the  0  factor  of  the  structure  or 
phenomenon  being  modeled. 

Fig.  lb  illustrates  the  positions  of  the  electric 
and  magnetic  field  components  about  a  cubic  lattice  unit 
cell  Cl].  Note  that  each  magnetic  field  vector  compo¬ 
nent  is  surrounded  by  four  circulating  electric  field 


vector  components,  and  vice  versa.  This  arrangement 
permits  not  only  a  centered-dl f ference  analog  to  the 
space  derivatives  of  the  curl  equations,  but  also  a 
natural  geometry  for  implementing  the  integral  form  of 
Faraday's  Law  and  Ampere's  Law  at  the  space  cell  level- 
This  Integral  representation  permits  a  simple  but 
effective  modeling  of  the  physics  of  smoothly  curved 
target  surfaces,  as  will  be  seen  later. 

Fig.  2  illustrates  how  an  arbitrary  three- 
dimensional  scatterer  is  embedded  in  an  F0*T0  space 
lattice  comprised  of  the  unit  cells  of  Fig.  lb.  Simply, 
the  desired  values  of  electrical  permittivity  and  con¬ 
ductivity  are  assigned  to  each  electric  field  component 
of  the  lattice.  Correspondingly ,  desired  values  of 
magnetic  permeability  and  equivalent  loss  are  assigned 
to  each  magnetic  field  component  of  the  lattice.  The 
media  parameters  are  interpreted  by  the  FD-TD  program 
as  local  coefficients  for  the  time-stepping  algorithm. 
Specification  of  media  properties  in  this  component-by- 
component  manner  results  in  a  stepped-edge  approxima¬ 
tion  of  curved  surfaces.  Continuity  of  tangential 
fields  is  assured  at  the  Interface  of  dissimilar  media 
with  this  procedure.  There  Is  no  need  for  special  field 
matching  at  media  Interfaces.  Stepped-edge  approxima¬ 
tion  of  curved  surfaces  has  been  found  to  be  adequate 
in  the  FO-TO  modeling  problems  studied  in  the  1970' s 
and  early  1980's,  including  wave  Interactions  with  bio¬ 
logical  tissues  CO,  penetration  Into  cavities  [5-7], 
and  electromagnetic  pulse  interactions  with  complex 
structures  [8-10].  However,  recent  Interest  In  wide 
dynamic  range  models  of  scattering  by  curved  targets  has 
prompted  the  development  of  surface-conforming  FO-TO 
approaches  which  eliminate  staircasing.  One  such  will 
be  summarized  later  In  this  paper. 


Fig.  2.  Arbitrary  3-0  scatterer  embedded 
In  the  FO-TO  space  lattice. 


Fig.  3a  Illustrates  the  division  of  the  FD-TD  lat¬ 
tice  Into  total-field  and  scattered-field  regions.  This 
division  has  been  found  to  be  very  useful  since  it 
permits  the  efficient  simulation  of  an  Incident  plane 
wave  In  the  total-field  region  with  arbitrary  angle  of 
Incidence,  polarization,  time-domain  waveform,  and 
duration  [11,  12],  Three  additional  Important  benefits 
arise  from  this  lattice  division,  as  follows: 

a.  A  large  near-field  computational  dynamic  range  J* 
achieved  since  the  scatterer  of  Interest  is  embedded  n 
the  total-field  region.  Thus,  low  actual  field  l«v#  s 
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Fig.  3.  2oning  of  the  FO-TD  space  lattice: 

(a)  total-field  and  scattered-f feld  regions  [11.  12]; 
(b)  near-to-far  f.  1<J  Integration  surface  located 
in  the  scattered-field  region  [12]. 


in  shadow  regions  or  within  shielding  enclosures  are 
computed  directly  without  suffering  suDtractton  noise 
(as  would  be  the  case  if  scattered  fields  in  such  regions 
were  time-stepped  via  FD-TD,  and  then  added  to  a  cancel¬ 
ling  incident  field  to  obtain  the  low  total-field  levels.) 

D.  Imbedding  the  scatterer  in  the  total-field  region 
permits  a  natural  satisfaction  of  tangential  field  con¬ 
tinuity  across  media  Interfaces,  as  discussed  earlier, 
without  having  to  compute  the  Incident  field  at  possibly 
numerous  points  along  a  complex  locus  that  Is  unique  to 
each  scatterer.  The  toning  arrangement  of  Fig.  3a  re¬ 
quires  computation  of  the  Incident  field  only  along  the 
rectangular  connecting  surface  between  the  total-field 
and  scattered-field  regions.  This  surface  Is  fixed, 
i.e.,  independent  of  the  shape  or  composition  of  the 
enclosed  scatterer  being  modeled, 

c.  The  provision  of  a  well-defined  scattered-field 
region  In  the  FD-TO  lattice  permits  the  near-to-far  field 
transformation  depicted  in  Fig,  30.  The  dashed  virtual 
surface  shown  here  can  be  located  along  convenient  lat¬ 
tice  planes  In  the  scattered-field  region  of  Fig.  3a. 
Tangential  scattered  £  and  H  fields  computed  via  FD-TO 
at  this  virtual  surface  can  then  be  weighted  by  the 
free-space  Green's  function  and  then  Integrated  (sunned) 
to  provide  the  far-fleld  response  and  RCS  (full  bistatic 
response  for  the  assumed  illumination  angle)  [12-14], 
The  near-field  Integration  surface  has  a  fixed  rectangu¬ 
lar  shape,  and  thus  Is  independent  of  the  shape  or  com¬ 
position  of  the  enclosed  scatterer  being  modeled. 

Fig.  3a  uses  the  term  "lattice  truncation"  to  des¬ 
ignate  the  outermost  lattice  planes  in  the  scattered- 
field  region.  The  fields  at  these  planes  cannot  bt  com¬ 


puted  using  the  centered-differenclng  approach  because 
of  the  assumed  absence  of  known  field  data  at  points 
outside  of  the  lattice  truncation.  These  data  are  needed 
to  form  the  central  differences.  Therefore,  an  auxiliary 
lattice  truncation  condition  is  necessary.  This  condi¬ 
tion  must  be  consistent  with  Maxwell's  equations  in  that 
an  outgoing  scattered-wave  numerical  analog  striking  the 
truncation  must  exit  the  lattice  without  appreciable 
non-physical  reflection,  just  as  if  the  lattice 
truncation  was  invisible. 

It  has  been  shown  that  the  required  lattice  trunca¬ 
tion  condition  is  really  a  radiation  condition  in  the 
near  field  [15-17].  A  very  successful  second-order 
accurate  finite-difference  approximation  of  the  exact 
radiation  condition  in  Cartesian  coordinates  was  intro¬ 
duced  in  [11],  This  approximation  was  subsequently  used 
In  a  variety  of  2-0  and  3-D  FD-TO  scattering  codes  [12  - 
14],  yielding  excellent  results  for  both  near  and  far 
fields.  (For  example,  all  FD-TD  results  in  this  paper 
were  obtained  using  this  approximate  radiation  condition.) 
However,  recent  Interest  In  wide  dynamic  range  models  of 
scattering  has  prompted  research  in  the  construction  of 
even  more  accurate  near-field  radiation  conditions. 
Including  fixed  third-order  accurate  approximations 
[18,  19],  adaptive  conditions  [20],  and  predictor- 
corrector  conditions  [21].  The  goal  here  is  to  reduce 
the  numerical  lattice  background  noise  due  to  non¬ 
physical  reflections  of  wave  analogs  at  the  lattice 
truncations  by  at  least  20  dB  relative  to  that  of  [11], 

3.  Scattering  Prediction  for  Canonical  Targets 

Analytical,  code-to-code,  and  experimental  valida¬ 
tions  have  been  obtained  relative  to  FD-TD  modeling  of  a 
wide  variety  of  2-D  and  3-D  structures  [22].  Both  con¬ 
vex  and  reentrant  ( cavl ty-type)  shapes  have  been  studied; 
and  structure  material  compositions  have  included  perfect 
conductors,  homogeneous  and  Inhomogeneous  lossy  dielec¬ 
trics,  and  anisotropic  dielectric  and  permeable  media. 
Selected  past  and  new  validations  will  be  reviewed  here. 

a.  Circular  Dielectric  /  Permeable 

Cylinder.  Conform!  iv  Modeled 

The  Interleaving  of  E  and  H  field  components  in  the 
FD-TD  lattice  permits  the  construction  of  generalized 
Faraday's  law  and  Ampere's  Law  contour  paths  which  can 
be  adjusted  to  exactly  conform  with  a  smoothly  curved 
target  surface.  An  example  of  this  is  shown  in  Fig.  4. 
In  this  manner,  slightly  modified  time-stepping  expres¬ 
sions  for  the  field  components  at  or  adjacent  to  the 
target  surface  are  derived  from  the  integral  form  of 
Maxwell's  equations.  All  other  field  components  in  the 


c. 


Fig.  4.  Faraday's  Law  contour  paths  for  conformal 
FD-TD  mode'ing  of  a  smoothly  curved  target,  TE  case 
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Fig.  5.  Comparison  of  conformal  FO-TD  model 
and  exact  solution  for  TE  illumination  of  a  circular 
dielectric/permeable  cylinder:  (a)  surface  electric 
currents;  (b)  surface  magnetic  currents. 


FD-TO  lattice  are  time-stepped  in  the  normal  manner.  In 
effect,  only  the  space  cells  immediately  adjacent  to  the 
target  surface  are  deformed  to  conform  with  the  surface. 

The  accuracy  of  the  conformal  FO-TD  model  is  illus¬ 
trated  in  Fig.  5.  Here,  a  moderate-resolution  Cartesian 
FO-TO  grid  (having  1/20  dielectric-wavelength  cell  size) 
is  used  to  compute  the  surface  electric  and  magnetic 
current  distributions  induced  on  a  k.a  »  5  circular 
dielectric/permeable  cylinder  by  a  TE-poTarized  incident 
plane  wave.  Excellent  agreement  with  the  exact  modal 
solution  is  seen.  Note  also  that  the  computer  running 
time  for  the  conformal  FD-TD  model  Is  essentially  the 
same  as  for  the  old  staircase  FD-TO  model  since  only  a 
fe*  field  components  Immediately  adjacent  to  the  target 
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surface  require  a  slightly  modified  time-stepping 
relation. 

b.  fetal  Cube.  Broadside  Incidence  [13] 

Results  are  now  shown  for  the  FD-TD  computed  surface 
electric  current  distribution  on  a  metal  cube  subject  to 
plane-wave  illumination  at  broadside  incidence.  The 
current  distribution  is  compared  to  that  computed  by  a 
standard  frequency-domain,  electric  field  integral  equa¬ 
tion  (EFIE),  triangular  surface-patching,  method  of 
moments  (MoM)  code.  It  is  shown  that  a  very  high  degree 
of  correspondence  exists  between  the  two  sets  of 
predictive  data. 

The  detailed  surface  current  study  involves  a  metal 
cube  of  electrical  size  k  s  =  2  ,  where  s  is  the  side 
width  of  the  cube.  For  the  FD-TD  model,  each  cube  face 
is  spanned  by  400  square  cells  (20  x  20),  and  the  radia¬ 
tion  boundary  is  located  at  a  uniform  distance  of  15 
cells  from  the  cube  surface.  For  the  MoM  model,  each 
cube  face  is  spanned  by  either  18  or  32  triangular 
patches  (to  test  its  convergence).  Fig,  6  graphs  com¬ 
parative  results  for  the  "looping"  surface  current  along 
the  E-plane  locus  ab  c  d  .  The  FD-TD  values  agree  with 
the  high-resolution  MoM  data  to  better  than  +2.5%  (+0.2 
dB )  in  magnitude  and  +1*  in  phase  at  all  comparison 
points.. 


(a) 


Fig.  6.  Comparison  of  FO-TD  and  EF1E/M0M  results  for 
the  "looping"  surface  electric  current  along  the 
E-plane  locus  of  a  perfectly-conducting  cube: 

(a)  magnitude;  (b)  phase  [13]. 
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Fig.  7,  Experimental  validation  of  FD-TD  modeling  predictions  of  monostatic  RCS  vs.  azimuth 
•  for  the  crossed-plate  target  at  9  GHz  (main  plate  size  ■  3  x  9  bisecting  fin  size  •  3  x  3  XQ)  [14,  22], 


c.  Three-Dimensional  T-Shaped  Conducting  Target  [ 14 .  22] 

We  next  consider  the  monoscatlc  RCS  pattern  of  a  T- 
shaped  conducting  target  consisting  of  a  10  x  30x  0.33  cm 
main  plate  and  a  lCxl0.i0.33  cm  bisecting  fin.  Tne 
illumination  is  a  9.0-Ghz  plane  wave  at  0*  elevation 
angle  and  TE  polarization  re’ative  to  the  main  plate. 
Thus,  the  main  plate  spans  9.0  X  .  Note  that  look  angle 
azimuths  (as  defined  In  Fig.  r)  between  90'  and  180’ 
provide  substantial  corner  reflector  physics  in  addition 
to  the  edge  diffraction,  corner  diffraction,  and  other 
effects  found  for  an  isolated  flat  plate. 

For  this  target,  the  FD-TD  model  uses  a  uniform  cell 
size  of  0.3125  cm  ( xq/10 . 667),  forming  the  main  plite  by 


32  x  96  x  1  cell*  and  the  bisecting  fin  by  32  x  32  x  1  cells. 
The  radiation  boundary  is  located  only  8  cells  from  the 
target's  maximum  surface  extensions,  so  that  the  overall 
lattice  size  is  48  x  112x  48  cells,  containing  1,548,288 
unknown  field  components  (212.6  cubic  wavelengths). 
Starting  with  zero-field  Initial  conditions,  661  time 
steps  are  used,  equal  to  31  cycles  of  the  incident  wave. 

Fig.  7  compares  the  FD-TD  predicted  monostatic  RCS 
values  at  32  key  look  angles  with  measurements  performed 
by  SRI  International.  These  look  angles  are  selected  to 
define  the  major  peaks  and  nulls  of  the  monostatic  RCS 
pattern.  The  agreement  Is  excellent:  in  amplitude, 
within  1  dB  over  a  40-dt,  dynamic  range;  and  in  azimuth, 
within  1*  In  locating  the  pattern's  peak-  and  nulls. 


Fig.  8,  Comparison  of  FD-TD  and  SOR  results  for  tne  monostatic  RCS  vs.  elevation  angle  of  a  trihedral 
corner  reflector  (both  uncoated  and  with  conmerclal  R«4  coating):  (a)  target  geometry;  (b)  comparative  RCS. 


A108  ♦ 


d.  Trihedral  Corner  Reflector 

We  last  consider  the  monostatic  RCS  pattern  of  a 
conducting  trihedral  corner  reflector,  both  gncoated  and 
with  commercial  radar  absorbing  material  (RAM)  coating. 
The  reflector  consists  of  three,  thin,  15  x  IS  cm  flat 
plates  mounted  at  mutual  90*  angles,  as  shown  in  Fig.  8a. 
The  illumination  is  a  10.0-GHz  plane  wave  at  45*  azimuth 
angle  and  e-directed  £  field.  Thus,  the  reflector  spans 
5x5x5  x  .  For  the  coated  case,  the  RAM  is  assumed 
to  be  Emers8n  &  Cuming  Type  AN-73  (0.9525  cm  thick,  con¬ 
sisting  of  3  distinct  lossy  layers  of  equal  thickness). 

For  this  target,  the  F0-T0  model  uses  a  uniform  cell 
Site  of  0.25  cm  (A  / 1 2 ) ,  spanning  each  plate  by  60  x  60 
cells.  The  lattice  radiation  boundary  is  located  only 
12  cells  from  the  target,  so  that  the  overall  lattice 
size  is  84  x  84  x  84  cells,  containing  3,5S6,224  unknown 
field  components  (343  cubic  wavelengths).  Starting  with 
zero-field  initial  conditions,  720  time  steps  are  used, 
equal  to  30  cycles  of  the  Incident  wave. 

Fig.  3b  compares  the  FO-TO  computed  monostatic  RCS 
pattern  in  the  »  plane  (♦  fixed  at  45*)  with  predictions 
made  by  a  shooting  and  bouncing  ray  (S8R>  code  developed 
by  Prof.  S.  W.  Lee  of  the  University  of  Illinois  at 
Urbana.  Excellent  agreement  is  seen  for  the  uncoated 
target  case.  For  the  RAM-coated  case,  both  codes  predict 
substantial  reduction  of  the  RCS  response.  It  is  seen 
that  the  predicted  RCS  patterns  for  this  case  are  in 
gc  ,d  qualitative  agreement. 

4.  Potential  for  Modeling  Ultra-Cowplex  Targets 

A  graphic  illustration  of  the  potential  of  FO-TO  for 
modeling  structures  comprised  of  ultra-complex  electro¬ 
magnetic  wave  absorbing  media  is  provided  by  the  whole- 
body  dosimetry  work  reported  by  the  University  of  Utah 
in  [23],  Directly  exploiting  the  ability  of  FO-TO  to 
model  media  inhomogeneities  down  to  the  space-cell  level, 
and  fully  utilizing  the  speed  and  memory  capabilities  of 
the  Cray-2,  highly  realistic  3-0  tissue  models  of  the 
complete  human  body  at  a  uniform  space  resolution  in  the 
order  of  1  cm  have  been  constructed  for  the  first  time. 
With  capabilities  of  supercomputers  expanding  by  at 
least  one  order  of  magnitude  in  the  next  decade,  it  is 
likely  that  FO-TO  numerical  modeling  will  occupy  an 
Important  place  in  RCS  technology  in  the  1990's  and 
beyond . 
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Abstract 

The  Finite  0 1 r ference-Tlme  Domain  (FU-TD)  numeri¬ 
cal  technique  fo:  solving  Maxwell's  equations  Is  mapped 
onto  a  massively  parallel  Single  Instruction  Multiple 
Data  (SIMD)  architecture.  A  Connection  Machine'  vis 
chosen  over  other  contemporary  SIMD  machines  as  the 
most  promising  candidate.  The  fundamental  FD-TD  algo¬ 
rithm  developed  by  Taflove  Is  decomposed  Into  Its 
serial  and  parallel  segments.  Connection  Machine 
lmplemencac ton  Is  discussed  In  decall  Including 
processor  assignment,  processor  utilization,  run 
time,  problem  size,  and  future  directions. 

Introduction 

FD-TD  is  an  explicit  time  stepping  finite  differ¬ 
ence  formulation  of  Maxwell's  curl  equations  chat  was 
developed  in  the  mld-1980'a  by  Allen  Taflove  (1).  It 
has  broad  applicability  co  che  study  of  electro¬ 
magnetic  scattering  by  chree  dimensional  objects 
because  the  scatterers  can  be  closed  or  open,  conduct¬ 
ing,  dielectric,  Inhomogeneous ,  or  anisotropic.  The 
algorithm  has  been  validated  against  experimental  data 
on  objects  that  exhibit  scaccec<ng  physics  at  edges, 
corners,  and  cavity  penetration.  Agreements  to  vlchln 
1  dB  of  experimental  data  have  been  reported  for 
scacterers  that  physically  span  9  wavelengths  and  haze 
a  blstatlc  scat cer  d 'namte  range  of  -0  dB  |1).  Con¬ 
sequently,  FD-TD  Is  certainly  aaoug  the  mort  robust 
scattering  ;  redlctlvc  algorithms  mat  ..re  currently 
available.  If  a  parallel  compueer  algorithm  could  b_ 
developed  that  could  handle  larger  scatterers  chan 
serial  code  and/or  run  faster  than  serial  codas,  then 
this  new  development  could  have  broad  applicability  co 
che  electromagnetics  community. 

FD-TD  Algorithm 

FD-TD  models  the  propagation  of  a  plane  wave  In  » 
finite  volume  of  space  containing  the  electromagnetic 
scatterer,  Figure  1.  A  cubic  cell  spatial  lactic* 
grids  the  volume  under  study.  Although  simplistic, 
attempts  to  generalize  the  grlddlng  procedure  to  a  non- 
uniform,  scatterer  surface  conformal  on*  have  not  been 
totally  satisfactory  because  both  che  computational 
dynamic  range  and  algorithm  run  time  degrade  severely. 
Alternative  grlddlng  techniques  still  remain  .zn  area 
for  continued  research.  An  exploded  view  of  a  typical 
FD-TD  cell  appears  in  Figure  2,  the  well  known  Yee 
lattice.  Note  that  the  E  and  H  field  components 
are  compuced  on  a  half  cell  staggerec  grid.  This 
formulation  guarantees  second  order  accuracy  in  the 
difference  equations  that  are  being  solved.  Two 
computational  regions  are  defined,  a  cotal  field 
region  and  a  scattered  field  region.  The  total  field 
region  complete. v  encloses  the  scacceri.-.  In  It,  the 
total  field  gets  updated  computat lonal ly  li  order  to 


Figure  1.  FD-TD  Volumetric  Grid 
Enclosing  a  Scatterer 


/. 


Figure  2.  Yee  FD-TD  Lattice 

preserve  a  larg*  computational  dynamic  range.  Scattered 
fields  are  needed  to  obtain  far  field  information.  The 
traveling  wave  incident  fields  get  added  at  the  Inter¬ 
face  of  rhe.e  two  -  -  cMonal  reglonr  respecting 

causa  11 ty. 

A  problem  t>...  -.  .  Is  obtained  by  time  stepping  the 
difference  eouations.  As  time  ezolves  che  Incluent 
wave  travel*  through  space  exciting  the  scatterer. 

Time  steeping  continues  until  steady  sfece  is  Sieved 
for  ell  field  components  In  the  grid.  At  steady  s.ate 
all  field  cf  mponents  ate  slnusoldi.  in  time  with  con¬ 
verged  magnitudes  and  converged  tel.tlve  phases. 

Update  equations  foi  the  volume1  rlc  grid  decompose 
Ir.to  four  categories:  discretized  Maxwell's  equations 
for  grid  Interior  points,  Mur  update  equations  for  E 
components  at  the  Interior  points  of  the  boundary 
rectangles,  Interpolation  snd  extrapolation  equations 
for  the  edges  of  the  boundary  rectangles,  and  equations 
for  the  Incident  fields.  Mur  update  equa:i'',,|  (2)  are 
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used  co  coaputat tonally  tsrmlnace  Che  volumetric  grid. 
Basically,  they  are  dlacrece  versions  of  a  one-way  wave 
equation  and  era  designed  Co  "absorb'  outgoing  plane 
waves.  In  order  Co  updaCe  a  Mur  boundary  polnc  co  a 
new  else,  all  nearest  neighbor  spaclal  values  are 
needed.  Consequently,  che  Mur  updaces  do  noc  apply 
for  flair s  along  che  edges  of  che  volumecr'c  grid. 

Edges  are  updaced  he  irlsclcally  using  an  Interpolation 
and  excrapolac Ion  scheme  on  nearest  neighbor  daca. 

The  Connection  Machine 

The  Connection  Machine  (CM)  Is  a  massively  paral¬ 
lel  S1MD  computer  manufactured  by  Thinking  Machines 
Corporation  In  Cambridge,  Massachusetts.  CMs  are 
hosted  by  serial  computers  chat  broadcast  Instruc¬ 
tions  to  it,  and  the  same  Instruction  Is  executed  by 
each  processor  on  daca  In  Its  own  memory.  A  commer¬ 
cially  available  CM-2  concalns  a  maximum  of  63,336 
processors,  each  having  63,336  blcs  of  dedicated 
memory  (63,995  blcs  are  user  addressable).  Instruc¬ 
tions  are  bit  oriented  giving  the  programmer  the 
unusual,  but  extremely  useful  flexibility  to  match 
word  length  to  suit  desired  dynamic  range  or  to  match 
lnterprocessot  message  lengths.  Floating  point 
coprocessors  sre  available,  but  at  the  present  time 
they  support  only  32  bit  single  precision  arithmetic. 

An  elapsed  time  for  a  tompleca  cycle  of  arithmetic 
(l.e.,  retrieve  operands,  perform  the  arithmetic 
operation,  and  store  the  result)  of  CO^sec  Is 
easily  achievable,  using  n-on-opclmlzed  non-pl pe lined 
coda.  Provided  chat  all  65  k  procasa-ra  era  product¬ 
ively  computing,  1.6  gtgaflope  (65k/40^a)  establishes 
a  lower  limit  on  the  machine  capability.  Typical 
performance  for  algorlchma  developed  at  MTU ,  Inc. 
la  equivalent  co  a  aerial  machine  performance  of 
3  gigaflops,  snd  peak  performance  races  equivalent 
co  23  glgaflopi  on  a  serial  machine  have  been 
demonscraced . 

General  proceasor-to-proreesor  communication  Is 
available;  however,  for  the  algorithm  capabilities 
Incorporated  Into  che  preeent  model,  only  nearest 
neighbor  processor  communiesdon  Is  needed.  All 
processors  can  get  data  from  their  nearaac  neighbors 
simultaneously.  For  a  32  bit  masaage  che  elapsed  dm* 
ranges  from  30  giaec  to  140  ,asec  depending  on  algorithm 
design  Implying  chat  a  net  memory  transfer  rate  of 
70  f:gablct  Is  possible  on  a  full  machine. 

On-line  disk  atoraga  (daca  vault)  1*  available 
up  to  80  glgabyi -s  for  a  65k  CM-2,  ’ut  at  present  It 
Is  noc  compatible  with  all  hosts.  Sofcware  will  be 
available  In  the  near  future  to  remedy  the  situation. 

The  hoet  computer  plays  an  Integral  part  In 
executing  algorithms.  Noc  only  does  It  broadcast 
Instructions  to  the  CM,  but  It  esn  also  read  data  out, 
perform  computations,  snd  wrlca  data  back  to  selected 
processors.  This  affords  the  user  with  flexibility  co 
use  both  aerial  and  parallel  computational  capability, 
aa  needed. 

Programs  can  be  written  on  small  (8k)  machines 
and  can  be  run  on  larger  machines  without  changing 
cha  code.  This  Is  accomplished  by  using  che  good 
coding  practice  of  exploiting  the  operating  software 
supplied  machine  conscancs.  The  concept  of  virtual 
processors  is  also  supported.  Each  physical  p-ocessor 
can  parclclon  Its  memory  by  factors  of  2  and  assign  to 
each  partition  a  virtual  processor  10.  An  8k  machine 
can,  therefore,  act  like  a  65x  machine  provided  that 
each  procasaor  needs  only  1'8  of  a  processor's  physical 
msmory.  Run  clme  degrades  with  virtual Itaclon . 


Mapping  FD-TD  onco  the  CM 

FD-TO  was  mapped  onto  the  CM  with  two  guiding 
principles:  maximize  C-e  size  of  the  volumetric  grid 
chac  can  be  analyzed  and  minimize  run  time.  Develop¬ 
ment  cook  place  under  the  constraints  that  no  on-ltr.e 
disk  scorage  was  available  and  chat  all  floating  polnc 
arithmetic  would  be  single  precision  (32  bit)  so  chat 
the  floating  polnc  coprocessors  could  be  used.  The 
ftrsc  constraint  arose  because  both  development  risk 
and  time  were  high  when  the  programming  was  started. 

Data  vault  sofcware  was  new,  unproven,  and  was  avail¬ 
able  under  an  operating  syscem  chac  was  less  flexible 
than  the  one  desired.  Floactng  point  arithmetic 
using  the  coprocessors  reduced  run  clme  by  a  factor  of 
10— suf f lclendy  attractive  to  warrant  their  use. 
Contrary  to  what  might  be  expected,  however,  no 
compromise  In  desired  accuracy  Is  Incurred.  Single 
precision  arithmetic  was  demonstrated  to  support  a 
computational  dynamic  range  of  40  dB  and  Is  believed 
to  support  a  range  of  over  80  dh.  The  real  trade  was 
against  volumetric  grid  size  because  using  less  chan 
3.'  bits  would  free  memory  for  more  grid  polncs. 

Step  1 

The  FD-TD  algorithm  Is  examined  and  broken  Intp 
its  algorithmic  serial  and  parallel  computational 
steps.  Scare  by  identifying  che  computational 
chronology  at  each  time  icep: 

update  Incident  fields 

update  Interior  H  fields 

update  Interior  E  fields 

update  rectangular  boundary  edges 

update  reccangular  boundary  interiors 

test  for  steady  scata 

Each  computational  stap  above  depends  on  the  result 
of  the  previous  one.  Unless  the  basic  algorithm  Is 
changed,  these  seeps  are  sequential  on  both  serial 
and  parallel  computers.  All  spatial  points  can 
theoretically  be  u  laced  simultaneously  in  each 
computational  step.  In  the  second  step,  for  example, 
all  three  components  of  H  can  be  updaced  simulta¬ 
neously  as  wall. 

Step  2 

Identify  che  roleis)  to  be  played  by  each  proc¬ 
essor  for  each  parallel  step.  This  step  Is  critical 
for  robusc  parallel  code  development.  Performance 
both  in  run  time  and  problem  size  could  vary  by  orders 
of  magnitude  among  Implementations.  Returning  to  che 
second  computar tonal  step  above,  minimum  execution 
time  would  result  If  each  H  field  component  and  each 
E  field  component  at  a  grid  cell  were  assigned  to 
Individual  processors.  Such  an  assignment  would  greacly 
sacrifice  problem  size  since  each  rO-TO  cull  would 
require  six  processors.  Inscead,  the  decision  was  made 
co  assign  each  processor  che  role  of  updating  che  three 
H  components  and  the  chree  E  components  assigned  to 
each  FD-TD  cell,  Figure  3.  The  trade  here  was  In  favor 
of  problem  size  ac  che  expense  of  run  time.  Tocal 
storage  requirements  needed  to  support  computations  for 
each  FD-TD  cell  sums  to  ',536  bits,  significantly 
less  than  the  63,995  user  addressable  bits.  Each 
processor  can,  therefore,  by  virtualized  by  a  factor 
of  39,  the  remaining  storage  being  reserved  ‘or  9cack 
space . 
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Figure  3.  Fields  Assigned  to  a  CM  processor 

Figure  4  summarizes  che  essential  breakdown 
between  the  serial  and  parallel  processing  steps. 

Some  steps  have  been  left  ouc  for  clarity,  l.e., 
update  of  Incident  fields,  convergence  testing,  and 
computation  of  peak  and  phase  for  scattered  fields, 
but  che  breakdown  In  figure  4  captures  the  philosophy. 


Figure  9.  Overview  of  Essential  Parallel 
and  Serial  Steps 


Assessment  of  Parallel  Implementation 

Each  FD-TD  cell  needs  only  1,536  bits  for  da'* 
storage.  Creating  virtual  processors  Is  clearly  a  good 
Idea;  otherwise,  the  excess  memory  per  processor  would 
not  get  used.  Now  consider  processing  for  an  Indivi¬ 
dual  plane.  Let  each  plane  be  n  cells  by  a  cells. 

Then  (n-2)(*-2)  cells  are  Interior  ones,  all  getting 
updated  sls'i’  caneously.  Edge  processors  update  next. 
Only  four  processors  are  aedve  Independent  ot  grid 
size.  Clearly,  this  Is  poor  utilization  of  the  proc¬ 
essors  since  only  a  small  number  arc  being  used.  The 
true  measure  of  Its  Impact  on  overall  performance  Is 
che  relative  amount  of  doe  consumed  compared  CO  the 
ocher  grid  update  functions  for  each  plane.  Table  1 
provides  che  data  needed.  Edge  updates  require  nearly 
half  as  much  time  to  compute  as  the  Interior  points  do. 
Updating  che  edges  on  che  CM  Instead  of  Che  host  was  a 
poor  choice,  one  chat  will  be  remedied  In  the  next 
version  of  che  software.  Face  updsteu  are  computed 
using  2(n*m)-8  processors,  on  the  order  of  the  square 
root  of  che  number  of  available  processors.  Again 
referring  to  Table  1,  the  ccnclualon  is  drawn  that 
a  significant  amount  of  time  Is  required  to  update  che 
face  processors  reladvc  to  the  Interior  ones.  This 
does  not  Imply  chat  face  updates  should  be  performed 
In  che  host,  however,  because  the  I/O  between  the  host 
end  che  CM  for  the  root  of  CM  processors  needed  to 
eervice  the  facet  may  be  too  expensive.  Algorithms 
for  face  updsca  run  time  reductions  are  currently 
being  examined. 


Table  1.  Normalized  Elapsed  Time  for  Major 
Parallel  Program  Segments 


PROGRAM  SEGMENT 

NORMALIZED  RUN  TIME 

interior  update 

1  unit 

edge  updete 

.996  unit* 

face  update 

.902  unit* 

The  three  program  segments  discussed  above  consti¬ 
tute  the  core  code  that  gets  executed  for  each  plane  In 
the  PD-TD  grid.  The  execution  time  required  co  service 


those  segments  chat  employ  only  a  fraction  of  the  number 
nf  available  processors,  che  edge  and  face  updates,  la 
approximately  9  7  percent  of  the  total  time  required  to 
aervlce  a  plane.  This  suggests  that  the  run  time 
Improvement  for  the  current  algorithm  is  at  best  a 
factor  of  2.  Run  time  Improvements  by  factors  of  10  or 
more  will  require  a  fundamental  algorithm  redesign. 

Assessment  cf  Algorithm  Performance 


Summary 

The  advent  of  massively  parallel  procasaors  la 
still  in  lrs  Infancy;  che  CM,  In  particular,  being 
commercially  available  for  only  two  years  and  balng 
based  on  technology  Chat  la  10  years  old.  Already, 
wa  are  compiling  data  chat  suggests  parallel  codes  arc 
capable  of  exceeding  lattice  alzea  and  executing  fatter 
chan  tvan  Cray  baaed  codes  for  lattice  optimally  matched 
to  the  CM'a  memory.  The  applicability  of  parallel 
processing  to  grid  based  techniques  appesrs  to  have  a 
bright  future. 
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Performance  assessment  will  touch  on  che  following 
topics:  problem  size  as  a  function  of  machine  size,  run 
time  at  a  function  of  machine  size,  end  comparison 
between  serial  end  parellel  code*.  The  most  succinct 
method  for  conveying  results  la  to  express  them  In  terms 
of  the  number  of  FD-TD  cell*  that  fit  Into  che  CM'a 
random  access  memory  (RAM).  Otherwise,  results  would  be 
coupled  to  scetterer  size  and  che  desired  solution  accu¬ 
racy,  since  for  fixed  acaccerer  size  scluclon  accuracy 
la  a  function  of  the  thickness  of  the  scattered  field 
computational  region.  With  che  present  code  an  8k 
processor  CM  can  evaluate  38  planes  of  62x126  cells 
giving  e  total  FD-TD  volume  of  296,856  cells.  A  65k 
processor  CM  can  evaluate  38  planes  of  2S9x259  cells  for 
a  total  of  2,951,603  FD-TD  cells.  The  same  coda  will 
run  on  both  machines  at  the  same  execution  time  of 
0.095  seconds/tlme  ttep/vlrcual  plane.  Total  run  time 
per  doe  step  la  38  timet  larger,  1.7  seconds/tlme  step. 
Run  time  It  flat  with  the  Increase  In  machine  size 
because  che  architecture  It  SIMD.  Run  time  does  change 
as  che  number  of  virtual  planes  change  because  the 
physical  procetsora  serially  tarvicc  tha  virtual  proc¬ 
essors  that  they  represent.  Benchmarks  were  run  to  show 
that  reducing  the  number  of  virtual  planet  by  a  factor 
of  two  also  reduce*  tha  run  time  by  e  factor  of  two. 

The  largest  tcattarar  studied  end  reported  In  the  litera¬ 
ture  a*  far  a*  w«  era  aware  la  tha  9l  cross  tee  plate 
reported  by  Taflove  (1)  using  a  Cray  baaed  code.  It  was 
embedded  in  a  258,098  cell  lattice.  By  comparison  che 
CM  code  can  evaluate  a  computational  lattice  9.5  timet 
larger  In  volume  on  e  full  CM-2  In  RAM.  Furthermore,  the 
CM  code  at  currently  written  la  somewhat  more  general 
because  tha  lattice  cells  can  b*  rectangular  parallel- 
piped*  Instead  of  just  cubes.  If  the  CM  code  Is 
restructured  In  the  same  way,  lattice  size  would  double 
by  another  factor  of  two  in  volum*  and  execution  time 
per  virtual  level  would  fall  by  roughly  10  percent. 
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Numerical  Analysis  and  Validation  of  the  Combined 
Field  Surface  Integral  Equations  for 
Electromagnetic  Scattering  by 
Arbitrary  Shaped  Two- 
Dimensional  Anisotropic 
Objects 

BENJAMIN  BEKER,  member,  ieee.  KORADA  R.  UMASHANKAA,  senior  member,  ieee,  and 
ALLEN  TAFLOVE,  senior  member,  ieee 


Abimut—Th*  MOMrfcRl  tolutJoa  of  eoapM  iaiagfil  cqutUoa*  for 
•rtiirary  «Bap«d  Iwo-diawatloul  Bosogtowoui  •oitoiroplc  tcatttftr*  If 
pmtwu4.  Tba  ibaoratkal  aad  iBa  aaBMrical  approach  aUlUcd  la  iBa 
•oladoa  of  ifec  lougraJ  aaoatioas  k  Baaad  oa  IBa  coabtacd  flald  forms- 
latioa,  tad  la  tpadalUad  to  both  traaa«ana  aiaclrk  (TO  aad  tnoarana 
magaatk  (TM)  poJtrltaUoaj.  At  oppoaad  lo  iba  camatly  a>iUaMa 
aniBoda  for  iBa  talaotropk  wait  arm,  tBb  approacB  la*oWt*  Integra- 
tloa  mf  ikt  Mirfaca  of  iba  ttaittm  la  ordar  lo  dataralaa  tBa  a  a  knows 
•brfaca  afactrlc  aad  nagoatk  csrrsai  diairlBaiioaa.  Tba  aolulloa  la  fa- 
cUluiad  by  davatopiag  a  aaaaitcal  approacB  aaptojiag  iba  aatbod  of 
nomtaU.  Tba  varioui  dlfflcalilaa  lavolvad  la  tba  coana  of  iba  aumrtcal 
iff  on  ara  pointed  oal,  aad  tba  way*  of  orarcoaiag  tban  art  dlacoaaad 
In  detail.  Tba  raaslta  obulaad  for  two  caaoakal  aaiaotropk  Mrsciaraa, 
aaoaly  a  circalar  cylloder  aad  a  tgnare  cylinder,  ara  g|v«o  along  «Hlb 
«alldalioai  obtained  *ia  alurnaU**  aMtbodi. 


I.  Introduction 

IN  RECENT  YEARS,  the  solution  of  physical  problems  in¬ 
volving  anisotropic  media  has  received  a  great  deal  of  atten¬ 
tion.  In  particular,  volumetric  approaches  such  as  the  finite- 
difference  time-domain  (FD-TD)  method  (1],  [21  and  the  vol¬ 
umetric  integral  equation  method  (3]-(5)  have  already  been 
addressed  to  solve  scattering  problems  involving  anisotropic 
materials.  Also  considered  was  another  volumetric  method 
based  on  the  variational  principle  to  solve  problems  involv¬ 
ing  anisotropic  scatterers  [6].  These  methods  can  treat  mate¬ 
rials  characterized  by  arbitrary  permittivity  and  permeability 
tensors,  thus  giving  a  great  deal  of  freedom  in  the  types  of 
media  that  can  be  analyzed  by  their  use.  However,  the  ap¬ 
proaches  and  their  numerical  schemes  [l]-[6]  are  completely 
volume  dependent,  requiring  volumetric  models  even  for  ho- 
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mogeneous  and  isotropic  cases.  Further,  their  application  to 
electrically  large  objects  has  not  yet  been  established.  Another 
approach  to  the  solution  of  the  scattering  problem  dealing  with 
anisotropic  scatterers  is  based  on  the  plane  wave  representation 
of  fields  in  the  anisotropic  medium  [7],  The  method  discussed 
in  [7]  consists  of  using  a  superposition  rype  integral  to  include 
all  possible  wave  amplitudes  and  phases,  and  is  applied  to  the 
circular  cylinder  excited  at  a  normal  incidence  [7],  and  at  an 
oblique  incidence  [8].  However,  thus  far  this  method  has  been 
applied  only  to  the  case  of  a  circular  cylindrical  geometry. 

In  order  to  consider  arbitrary  shapes  and  computationally 
manageable  sizes  of  the  anisotropic  scatterers.  an  alternative 
approach  to  the  solution  is  presented.  The  method  incorporates 
the  surface  boundary  integrals  instead  of  volume  integrals, 
and  is  applicable  to  any  arbitrary  shaped  two-dimensional  ho¬ 
mogeneous  anisotropic  scatterers,  which  can  have  disconti¬ 
nuities  in  their  surface  contour  [9],  It  involves  extension  to 
the  formulation  of  the  scattering  problem  for  the  isotropic 
bodies  by  utilizing  the  electromagnetic  potential  theory,  and 
the  subsequent  derivation  of  the  combined  field  surface  inte¬ 
gral  equations  [10).  However,  the  derivation  of  a  complete 
set  of  consistent  potentials  for  the  anisotropic  case  is  much 
more  complicated  than  the  same  procedure  for  the  isotropic 
medium.  The  detailed  derivation  of  the  combined  field  integral 
equations  is  discussed  in  a  separate  paper  cited  earlier  [9].  The 
complete  theoretical  development  is  omitted  here,  and  only  the 
most  relevant  equations  are  stated  to  form  the  starting  point 
for  the  numerical  solution.  Due  to  the  complicated  nature  of 
these  equations,  it  is  practically  useful  to  have  a  simple  nu¬ 
merical  scheme  for  analyzing  anisotropic  structures,  and  yet 
not  compromising  the  accuracy  of  the  numerical  results. 

The  numerical  results  based  on  the  surface  formulation  for 
the  transverse  magnetic  (TM)  polarized  fields  are  presented 
for  two  canonical  anisotropic  structures  In  general,  however, 
these  structures  need  not  be  restricted  to  any  particular  shape 
such  as  a  smooth  contour  They  can  include  surface  disconti¬ 
nuities  in  the  form  of  sharp  comer  wedges.  Also,  in  order  to 
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Fig.  1 .  Geometry  of  tnuotropic  k merer  with  equivalent  current  tourcei. 

demonstrate  (he  feasibility  of  applying  the  developed  method 
to  compute  the  surface  currents  and  the  far  fields,  a  relatively 
large  object  with  its  largest  electrical  dimension  of  k^s  “  10 
will  be  considered.  In  particular,  for  validating  the  combined 
field  formulation,  the  radar  cross  section  (RCS)  computed  for 
a  circular  cylinder  is  compared  to  that  available  in  the  litera¬ 
ture  [7],  Also,  the  near  surface  current  distributions  and  the 
RCS  of  the  anisotropic  square  cylinder  are  validated  against 
the  results  obtained  based  on  the  FD-TD  algorithm  (2],  [10]. 


II.  Inteoral  Equations  por  thb  Surfacx  Folds 

Consider  a  two-dimensional  anisotropic  object  for  which 
there  it  no  variation  in  its  surface  contour  along  the  z  axis  of 
the  coordinate  system.  It  is  located  in  a  frec-tpace  medium 
and  is  excited  by  an  externally  inciuem.  TM  polarized,  field 
with  the  time  dependence  of  where  w  is  tne  frequency 
of  the  excitation  (tee  Fig.  1).  Further,  if  the  excitation  is  such 
that  the  g  component  of  its  propagation  vector  k‘t  is  zero, 
then  all  scattered  field  quantities  are  independent  of  the  z 
coordinate  variation.  In  order  to  analyze  the  complete  field 
distribution  due  to  the  presence  of  the  anisotropic  object,  the 
equivalence  principle  [10],  [11]  can  be  invoked  to  obtain  a 
set  of  coupled  (combined  field)  integral  equations  for  the  un¬ 
known  induced  currents  on  the  surface  of  the  object.  The  fiill 
theoretical  development  leading  to  those  integral  equations  is 
presented  elsewhere  (9],  hence,  only  the  key  steps  are  repeated 
below.  Referring  to  Fig.  1,  the  equations  for  the  fields  inter¬ 
na]  and  external  to  the  anisotropic  object  can  be  expressed 
in  terms  of  the  appropriate  vector  and  scalar  potentials  as  is 
done  in  [9]-[  1 1 J.  If  the  space  is  separated  into  two  regions, 
with  region  1  occupied  by  the  isotropic  (free-space)  medium, 
and  the  region  2  corresponding  to  the  anisotropic  scatterer. 
respectively,  then  the  total  electric  E‘tX,  and  the  magnetic 
field  expressions  in  the  region  1  are  given  by 

r>!  ,  x  t  {V  *F  t)  ,,_4 

£,,  ®  £, |  +/«d,i  - -  (Is) 

«i«o 

*1  FIFO 


k\  *  <43«OMO  (  Ic) 

k\  *  bg<iNi  (Id) 

where  klt  e  ( ,  m  are  the  propagation  constant,  the  relative 
permittivity,  and  the  relative  permeability  of  the  isotropic 
medium.  Similarly,  the  total  electric  and  magnetic  ft2 
fields  in  the  region  2  are  given  by 

i-i 

£'.}  =  iuAti  - 1  12-  ■  ( V  x  Fi)  (2a) 

«o 


R\  *  luFi  +  V(V  •  (fj  Fi)) 


^  (Vx-*2)  (2b) 
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kg  —  ^0*«(FxxF/r  *  b\y)  (2c) 


where  the  relative  permittivity  and  permeability  tensors  for 
the  anisotropic  medium  are  defined  by 
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(3b) 


It  should  be  obvious  from  (la),  (lb)  and  (2a),  that  the 
appropriate  Loremz-type  gauge  condition  has  been  utilized 
to  eliminate  the  magnetic  scalar  potential,  sc  that  the  field 
expressions  could  be  cut  in  terms  of  the  magnetic  and  the 
electric  vector  potentials  only.  The  derivation  leading  to  the 
Helmholtz  equations  and  the  Anal  integral  representation  of 
the  required  components  of  the  vector  potentials  A  and  F 
for  the  anisotropic  medium  is  quite  intricate  (9].  A  detailed 
account  of  the  procedure  taken  to  obtain  them  is  discussed  in 
(9),  (15]  and  only  their  final  forms  are  repeated  below: 


4,(f)--M0 jQ==jcJtV')H'l\klR„)ds'  (4a) 


=,(')-  T?==  /  Mt{r')^\ktRm)ds'  (4b) 

'N  yFxxF//  JC 

£,(')-  -IoShtt— =  /  (4C> 


1  ■  (FxxF^r  +  Mi,) 


f  (*  -  x')1  +  (y  -/)* 

Fxx  F/.v 


<4d) 

(4e) 


where  Jt,  M,,  M,  are  the  unknown  electric  and  magnetic 
current  distributions  along  the  contour  C,  //0"  is  the  Hankel 
function  of  order  zero  and  of  first  kind,  and  Rm  is  the  scaled 
distance  parameter  (15),  (16]  between  the  Integration  and  the 
observation  points  with  C  and  <U  representing  the  contour 
of  the  scatterer  and  its  differential  element.  The  quantities  z, 
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and  E,  are  the  components  of  the  auxiliary  vector  potential 
function  defined  by 

Isfi-F  (5) 

which  permits  independent  differential  equations  for  Z,  and 
z.y .  so  that  eventually  solutions  for  Fx  and  F,  can  be  deter¬ 
mined  (9).  It  should  be  pointed  out  that  in  order  to  obtain 
the  integral  solutions  for  At,  5*.  E,  it  was  necessary  to  de¬ 
mand  that  the  medium  tensors  possess  antisymmetric  proper¬ 
ties.  i.e.,  nt,  -  for  TM  polarization,  and  tg,  =  -t,x 
for  transverse  electric  (TE)  polarization.  The  corresponding 
superposition  integrals  for  the  external  isotropic  medium  can 
readily  be  obtained  from  (4a)-(4d)  and  (5)  by  setting  the  diag¬ 
onal  elements  of  the  medium  tensors  (those  in  (3a)  and  (3b» 
equal  and  the  off-diagonal  ones  to  zero. 

Finally,  application  of  the  boundary  conditions  on  the  tan¬ 
gential  components  of  the  total  electric  and  magnetic  fields 
along  C,  yields  the  following  set  of  two  combined  field  (cou¬ 
pled)  integral  equations  for  the  surface  currents: 


Fig  2.  Segmented  boundary  contour. 


-ft  */w(ri  4 -At2) 

\  t0t,  t0  ) 

FF\  m  ft  X  |/W(^,  +  Pj) 

+,"7(v  (ir+a*f)) 

+  /(V  x^,)  |  /if1  (V 

V  mimo  mo  )] 


(6a) 


—  n  x 


<6b) 


which  are  valid  for  the  TM  polarized  incident  field  (Ex,fT ,). 
The  same  equations  alto  apply  to  the  TE  polarization  fol¬ 
lowing  appropriate  substitutions  of  symbols  as  is  dictated  by 
the  duality  principle  [11].  In  particular,  allowing  E  —  ft , 
R  —  -  E,  and  interchanging  the  roles  of  the  perminivity 
and  permeability  tensors  results  in  the  desired  combined  field 
integral  equations  set  for  the  TE  polarization. 

m.  Numerical  Solution  of  the  Integral 
Equations 

The  first  step  in  the  numerical  solution  of  (6a)  and  (6b) 
baaed  on  the  method  of  moments  is  the  proper  choice  of  the 
testing  and  the  expansion  functions.  This  choice  is  usually 
dictated  by  the  complexity  of  the  integrals  and  the  seine rer 
contour.  For  example,  if  the  integrands  contain  derivatives 
with  respect  to  the  observation  coordinates  along  the  tangen¬ 
tial  direction  of  the  icanerer,  then  it  is  customary  to  use  higher 
order  testing  functions,  such  as  the  triangles,  to  replace  those 
derivatives  by  differences  [12].  The  use  of  the  simpler  test¬ 
ing  fonctions,  such  as  pulses,  simplifies  the  testing  scheme 
On  the  other  hand,  it  complicates  the  integrands,  because  the 
derivative  operations  due  to  the  gradient,  divergence,  and  the 
curl  will  now  be  taken  inside  the  integrals.  However,  this  ap¬ 
proach  has  been  found  to  speed  up  the  convergence  rate  of  the 
solution  (13),  and  for  this  reason  will  be  implemented  here. 

A1 15 


The  expansion  scheme  for  the  unknown  surface  electric  and 
magnetic  currents  is  chosen  to  consist  of  the  simplest  possible 
functions,  such  as  pulses.  The  only  remaining  task  is  to  de¬ 
cide  whether  the  pulses  for  each  current  expansion  ought  to  be 
staggered  or  not.  This,  in  fact,  depends  on  the  contour  of  the 
tcatterer,  i.e. .  if  the  contour  is  smooth  (continuous),  then  there 
is  no  need  to  use  the  staggered  distribution.  However,  if  the 
contour  includes  surface  discontinuities,  such  as  the  comers 
and  arbitrary  bends,  then  it  is  appropriate  to  stagger  the  pulses 
so  as  to  enforce  the  continuity  of  the  circumferential  current, 
and  to  avoid  expanding  the  axial  current  at  the  bend  where  it 
is  singular  [10).  For  the  problem  at  hand.  i.e..  for  TM  polar¬ 
ization,  the  axial  electnc  current  J„  and  the  circumferential 
magnetic  current  M,.  are  expanded  in  a  staggered  manner  as 
shown  in  Fig.  2.  because  objects  having  both  smooth  and  dis¬ 
continuous  contours  can  be  considered  for  the  solution  using 
the  same  computer  algorithm.  These  same  expansion  pulses 
are  also  employed  as  the  testing  functions  for  the  two  cou¬ 
pled  integral  equations.  Thus,  the  unknown  surface  currents 
are  expanded  aa 


nm\ 

(7a) 

nmlN 

M,(f) »  ]T  p2V')M„ 

(7b) 

where  pi(f')  and  pf  (f ')  are  the  unit  pulse  functions  which 
can  also  serve  u  the  testing  functions  te(F)  and  tH(r)  in  the 
reduction  procedure  of  the  integral  operators  in  (6a)  and  (6b) 
to  a  matrix  form.  i.e.. 


ma  I 


(8a) 


tH(f )  * 


m»\hi 


£ 


(8b) 


where  (8a)  and  (8b)  an  used  in  taking  the  inner  products  with 
(6a)  end  (6b),  respectively.  The  resulting  system  of  the  matrix 
equations,  following  testing  and  expansion,  turns  out  to  be 
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trJU. 
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+  lixx  cos  <bm  COS  &  1 

where  the  various  elements  of  the  system  submatrices  are  de¬ 
fined  below. 

1)  The  elements  of  the  impedance  matrix  of  the  E  field 
equation: 

IZL]  -  ~  f  L.^oVi*)  +  -7===/fo)(Ara/?m)|  ds'. 

*■  v/M* xHyy  5)  The  column  excitation  matrix  of  the  E  field  equation: 

dOa) 

\E  1  =  7  .  &  tm  \  (l0e\ 

2)  The  elements  of  the  admittance  matrix  of  the  E  field  zm  m 

equation:  6)  The  column  excitation  matrix  of  the  R  field  equation: 

WL)  =  k ,<«'  R)H"\kxR)ds'  [H‘sm]  =  (100 

i.1.  f  fCa  r/a'  P)  4.  tt'  n  where  [«/w]  and  [M,„]  are  the  unknown  surface  electric 

+  4/  Jx  y/ii'xxHyy  +Mjry(i  /?«')]  and  magnetic  current  column  matrices  along  the  tangential 

n  directions  z  and  i  of  the  contour  C.  In  (10a)-(10d),  the  sub- 

.  (keRm)  js,'  scripts  m  and  n  refer  to  the  observation  and  the  integration 

Rm  points  on  the  scatterer  contour  C,  and  in  the  above  matrix 

3)  The  elements  of  the  impedance  matrix  of  the  R  field  elements’ 

^  +  (na, 

(Z""]  =  S'  /  ("  «)*!«', "»l«) 

",  k  x,-Sa^>*+2^,  (1I» 

H\'\kttRm)  ,  R=&m-x)x  +  (ym-y')y  (He) 

'  ~p~i  ds  .  (10c)  with  Rm,  Rm>,  R  being  their  respective  magnitudes,  and  with 

n,  n',s,  s'  being  the  normal  and  the  tangential  unit  vectors  on 

4)  The  elements  of  the  admittance  matrix  of  the  R  field  the  contour  at  either  the  observation  or  the  integration  points 


,  2sin(Sm  +  t')(x«  -x’)jym  -/)\ 
Rm  ) 

•  *2  ’  <*«/?„)  ds\ 


equation: 


(see  Fig.  1).  These  unit  vectors  are  defined  in  the  following 
„  e,  r  r  manner: 

t Y%m)  =  J  cos(*m  -  $')#£( ’(*1*) 

L  (tt;  «')  =  cos ($;  $')*  +  sin ($;  &)y  (lid) 

(/  2(xm  —  x')2  \ 

sin  4>m  sin  $  ^1  ^  j  (j;  s')  =  -sin  ($;  <f>')x  +  cos  (<E>;  $')y  (1  le) 

.  /.  2 (ym  -  y')2  \  where  $  and  $'  are  the  angles  between  the  normals  h  and  h' 

+  cos  $mcos<f»  ^1 - jsr-)  and  the  x  axis  of  the  coordinate  system. 

•  ,*  &/w  ...  ,  .  is  evident  from  (10a)-(10d),  that  as  a  consequence  of 

-  ”  M  J — — 12  }  letting  the  various  differential  operations  to  be  performed  on 

R  J  the  Green’s  function  inside  the  integrals,  results  in  the  ap- 

<i>  (*-,/?)]  c fs>  pearance  of  higher  order  Hankel  functions,  in  particular  H(2l) . 

2  1  J  Nevertheless,  the  complications  arising  in  the  evaluationof 

t:z  [  .  .  ,  system  submatrices  due  to  such  an  approach,  are  out- 

iXx'jxy  r  Js  s’n  s'n  ^  +  P**  cos  ^ m  cos  weighted  by  the  gain  in  the  quicker  convergence  rate  of  the 

solution  [13].  Otherwise,  the  evaluation  of  those  submatrices 
,  sin(<Pm  -  <t>'))Ho\kaRm) ds'  is  straightforward  apart  from  the  calculation  of  their  singular 

,  y  ,  r  values,  which  should  be  obtained  asymptotically.  A  detailed 
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iiiyy  sin  sin  <t>' 


mathematical  analysis  leading  to  the  determination  of  the  sin¬ 
gular  parts  of  the  various  integrals  is  presented  in  [15],  and 
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only  the  final  results  are  summarized  in  the  following.  First, 
for  the  anisotropic  medium  they  are  given  by 

/.  -  »  *-£***'  (®T^)  ds 

(12a) 

which  is  a  we  LI- known  integral  and  can  be  evaluated  in  nu¬ 
merous  ways  [14].  The  singular  values  of  integrals  involving 
the  fust  derivative  of  are  given  by 


h  = 


h  = 


kgflxy 
4<  y/Hxxtyy 

ka 

4 iyJUxxVyy 


[  (s' 

J&m 

f  in'  -R)?("%aRm)  ds'  - 
J&*, 


-0  (12b) 

~  (12c) 


where  all  of  the  vectors  have  been  defined  previously  in 
(lla)-(lle),  and  it  should  also  be  noted  that  the  values  of 
these  integrals  are  same  irrespective  of  whether  the  medium 
is  anisotropic  or  isotropic.  The  most  complicated  integrals 
contain  the  second  derivatives  of  nevertheless  they  can 
be  evaluated  asymptotically  to  yield  the  following  results: 


_  Aw(cos2  -  sin2  $m) 
\j Hyy  sin2  +  nxx  cos2 


(0&m)2 

96 


+  l 


16 

*03  im)2 


(12d) 


'*  ■  1  (‘  -  <12'» 
.  _  f  f  2  sin  (<f>m  +  <f>')(xm  -  x')2Cym  -  y')2 ' 

6  "A.  [  ^ - 

■H^\kgRm)ds' 

_  y/M«M,)u>(£m  sin  cos  $w)  r  (/T^)2  .  16  ' 

\/ sin2  <t>m  +  nxx  cos2  96  r(0Am)2. 
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where  the  the  angle  <$m  is  defined  in  [15]  and  related  to  the 
real  angle  <t>m  by 


tanf„  = 


The  remaining  terms  0  and  are  given  by 


sjV’XxPyy 


(12g) 


(12h) 


sin2  <bm  +  nxx  cos2  $m.  ( 12i> 

Secondly,  the  same  equations  (12a)-(!2f)  can  be  special¬ 
ized  for  the  isotropic  medium  by  simply  making  appropriate 


substitution  of  variables,  i.e. , 


««  —  « 1 ;  Mjcjt  =  Hyy  —  Ml  •  Hxy  —  0;  <5  —  4>.  (12j) 

Also,  it  should  be  pointed  out  that  the  value  of  !}  —  -/ } 
when  the  external  isotropic  medium  is  considered.  This  is  a 
direct  consequence  of  the  observation  point  approaching  the 
contour  in  the  limit  from  the  opposite  direction  for  the  exter¬ 
nal  medium,  as  opposed  to  the  internal  medium,  considered 
above.  The  remaining  integrals  are  independent  of  this  fact, 
thus  requiring  no  additional  sign  changes. 

The  matrix  equations  derived  above  ((9)  and  (10))  have 
been  programmed  on  the  IBM  370  computer  using  Fortran 
77,  and  the  various  quantities  of  interest,  such  as  the  near 
surface  current  distributions  and  the  far  scattered  fields,  are 
calculated  in  order  to  analyze  the  electromagnetic  behavior  of 
two-dimensional  anisotropic  material  objects. 

IV.  Numerical  Results 

In  this  section  selected  numerical  results  are  presented  re¬ 
garding  the  computed  near  and  far  fields,  as  well  as  the  CPU 
time  required  to  obtain  them  based  on  the  solution  of  the  ma¬ 
trix  equations  (9).  Two  canonical  cylindrical  anisotropic  ge¬ 
ometries  are  considered,  namely  the  circular  and  square  cylin¬ 
ders  excited  by  an  external  TM  polarized  plane  wave.  Both  the 
near  and  the  far  fields  are  computed,  and  validated  for  each 
of  the  two  geometries.  The  radar  cross  section  of  a  circular 
anisotropic  cylinder  with  k0a  =  x/2,  where  a  is  the  radius  of 
the  cylinder,  characterized  by  e„  =  2,  nxx  =  1.  and  nyy  -  4 
is  computed  based  on  the  surface  integral  equation  formulation 
and  is  compared  to  the  one  obtained  based  on  the  plane  wave 
superposition  integral  representation  of  the  fields  inside  the 
anisotropic  medium  [7],  The  two  results  are  displayed  in  Fig. 

3  and  appear  to  be  in  an  excellent  agreement.  Similarly,  Fig. 

4  illustrates  the  RCS  computed  for  a  circular  cylinder  of  the 
same  size,  but  with  the  following  anisotropic  medium  param¬ 
eters:  tlz  —  2,  Hxx  —  1,  fiyy  —  4,  and  Hxy  —  —Hyx  =  2.  For 
both  cases,  the  surface  electric  and  magnetic  currents  were 
calculated  as  well,  but  are  reported  elsewhere  [15].  The  num¬ 
ber  of  unknowns  for  each  of  the  surface  currents  was  60,  such 
that  the  total  system  matrix  size  is  120x120  for  the  level  of 
agreement  shown  in  Fig.  3. 

The  next  case  analyzed  numerically  is  a  square  anisotropic 
cylinder  characterized  by  e-:  =  1.5,  =  1.5,  nyy  =2 

whose  electrical  size  is  kyS  =  10,  where  s  is  the  side  length 
of  the  square.  Once  again  the  RCS  is  computed  based  on 
the  solution  of  the  combined  field  equations  and  is  shown  in 
Fig,  5(a).  These  results  are  compared  with  those  computed 
via  the  FD-TD  [10].  The  agreement  between  the  RCS  pat¬ 
terns  calculated  by  the  two  methods  is  quite  good  except  for 
a  small  angular  range  in  the  shadow  region  in  the  interval  of 
200° -220°.  The  magnitudes  of  the  surface  electric  and  mag¬ 
netic  currents  for  this  square  cylinder  are  displayed  in  Figs. 
5(b)  and  5(c).  The  level  of  agreement  for  the  currents  is  also 
seen  to  be  good  except  in  the  vicinity  of  the  comers  of  the 
scatterer  where  the  results  of  the  two  methods  differ.  This 
discrepancy  deserves  additional  comments.  Since  the  exact 
nature  of  the  field  behavior  at  the  comers  of  the  anisotropic 
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object  is  not  yet  known,  it  is  difficult  to  say  with  absolute 
certainty  which  of  the  two  methods  gives  the  correct  result. 
However,  these  corner  regions  are  very  small  compared  to  the 
wavelength  and  since  the  far  scattered  fields  are  not  expected 
to  be  greatly  influenced  by  the  currents  over  these  localized 
comer  regions,  the  RCS  patterns  may  be  more  appropriate 
indicators  of  the  agreement  between  the  two  methods.  Also  to 
be  noted  is  the  fact  that  in  the  FD-TD  algorithm  the  fields  are 
computed  half  a  cell  away  from  the  actual  physical  boundary 
of  the  object,  which  may  also  be  responsible  for  the  discrep¬ 
ancies  between  the  results.  Since  the  fields  do  not  vary  greatly 
half  a  cell  sway  from  the  object  in  regions  far  from  surface 
discontinuities  from  their  values  computed  directly  on  the  ob¬ 
ject's  surface,  the  agreement  la  the  results  calculated  via  both 
methods  is  expected  to  be  good.  However,  in  regions  close  to 
the  bends  the  fields  are  expected  to  vary  quite  a  bit  between 
their  values  half  a  cell  away  from  the  contour  and  directly  on 
it.  This  could  possibly  explain  the  differences  in  the  results 
obtained  via  the  two  techniques  in  the  vicinity  of  the  comers 
of  the  square.  The  next  example  considered  is  a  square  cylin¬ 
der  having  higher  permeability  values  of  the  medium  given 
by.  <xr  m  2,  pgg  ■  2,  figg  a  4,  and  k^s  ■  5.  The  RCS 
is  computed  and  compared  with  that  determined  by  FD-TD 
(see  Fig.  6(a)).  The  corresponding  magnitudes  of  the  surface 
electric  and  magnetic  currents  for  this  scatterer  are  shown  in 
Figs.  6(b)  and  6(c),  respectively.  It  is  worth  noting  that  in 
this  case  the  results  of  both  methods  appear  to  predict  similar 
behavior  of  M,  close  to  the  bends  in  the  contour,  particu¬ 


Fig.  4.  BUutit  RCS  of  the  circular  •AiKxroptc  cylinder  with  mutual  per¬ 
meability  terms. 

larly,  both  indicate  the  dip  in  the  magnitude  of  AS„  but  not 
to  the  same  extent.  However,  the  discrepancy  for  the  axial 
electric  current  is  still  present  in  those  regions.  This  behavior 
may  be  attributed  to  the  sparse  sampling  of  the  FD-TD  algo¬ 
rithm,  which  in  this  case  consisted  in  fifty  cells  per  side  of 
the  square.  It  is  believed  that  even  further  agreement  in  the 
results  of  the  two  methods  could  be  achieved  by  increasing  the 
sampling  rate  of  the  FD-TD.  It  is  sJso  worth  mentioning  that 
since  both  FD-TD  and  surface  integral  equation  approach  are 
based  on  methods  of  numerical  analysis,  it  is  not  realistic  to 
expect  both  of  them  to  yield  identical  results.  Additional  ex¬ 
amples  for  which  both  the  surface  currents  and  the  RCS  have 
been  computed  are  available  in  (15).  The  two  square  cylinders 
considered  here  are  electrically  large  structure*,  especially  the 
first  one  (kos  »  10)  for  which  the  number  of  current  samples 
is  such  that  the  system  matrix  is  592  x592.  Nevertheless,  the 
numerical  solution  is  feasible,  because  most  of  the  time  is  con¬ 
sumed  by  the  system  matrix  inversion  (which  can  be  reduced 
for  symmetric  objects)  and  not  for  matrix  filling.  It  should  be 
pointed  out  that  the  symmetry  of  the  structure  has  not  been 
incorporated  in  the  present  algorithm.  If  the  symmetry  is  in¬ 
corporated  into  the  algorithm,  then  substantial  reduction  in  the 
CPU  time  for  the  matrix  inversion  can  be  achieved.  Further 
savings  in  the  CPU  time  can  also  be  obtained  if  the  inversion 
subroutine,  based  on  the  Gaussian  elimination,  is  to  perform 
partial  pivoting  instead  of  frill  pivoting. 

In  order  to  provide  some  idea  of  the  time  involved  for  the 
computations  to  obtain  the  results  for  the  square  cylinder  dis- 
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played  in  Fig.  S,  the  CPU  time  consumed  by  the  algorithm  was 
recorded.  The  actual  time  for  all  of  the  results  to  be  calculated 
was  found  to  be  1770.10  s  on  the  [BM-370  mainframe.  This 
indicates  that  consideration  of  electrically  large  anisotropic 
scanerers  is  quite  feasible  for  the  numerical  solution. 

V.  Summary 

In  this  paper,  a  numerical  solution  of  the  combined  field 
surface  integral  equations  for  the  case  of  arbitrary  shaped  rwo- 
dimensional  anisotropic  scanerers  has  been  presented.  The 
computed  results  for  the  surface  fields  and  the  far  scanered 
fields  are  validated  by  the  currently  available  alternative  meth¬ 
ods,  such  as  the  FD-TD  [2]  and  that  of  plane  wave  represen¬ 
tation  of  fields  in  the  anisotropic  medium  [7],  The  discussion 
included  a  detailed  account  of  the  various  aspects  involved 
in  the  numerical  solution,  including  the  results  of  the  singu¬ 
larity  analysis  for  the  integrals  containing  different  orders  of 
the  Hankel  functions  for  both  anisotropic  and  isotropic  me¬ 
dia.  The  computer  algorithm  developed  is  applicable  both  for 
smooth  contours  and  those  with  sharp  edges. 
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ABSTRACT 


This  paper  succinctly  reviews  the  background  and  formulation  of  the  lini'e- 
difference  time-domain  (FO-TD)  method  for  numerical  modeling  of  electromagnetic  wave 
interactions  with  arbitrary  structures.  Selected  3-0  results  are  given  showing  compa' 
isons  with  both  measured  data  and  other  numerical  modeling  approaches.  An  assessment  „ 
made  of  the  present  horizon  of  FD-TO  modeling  capabilities,  and  possible  future  directions. 


1.  INTRODUCTION 


Accurate  numerical  modeling  of  full-vector  electromagnetic  (EM)  wave  inter¬ 
actions  with  arbitrary  structures  is  difficult.  Typical  structures  of  engineering  interest 
have  shapes,  apertures,  cavities,  and  material  compositions  that  produce  near  Reids  that 
cannot  be  resolved  into  finite  sets  of  modes  or  rays.  Proper  numerical  modeling  of  such 
near  fields  requires  sampling  at  sub-wavelength  (sub-X)  resolution  to  avoid  aliasing  of 
magnitude  and  phase  information.  The  goal  is  to  provide  a  self-consistent  model  of  the 
mutual  coupling  of  the  electricaily-small  cells  comprising  the  structure,  even  if  the 
structure  spans  tens  of  X  in  3-0. 

This  paper  reviews  the  formulation  and  applications  of  a  candidate  numerical 
modeling  approach  for  this  purpose:  the  finite-difference  time-domain  (FD-TO)  solution 
of  Maxwell's  cun  equations.  FO-TD  is  very  simple  in  concept  and  execution.  However,  it 
is  remarkably  robust,  providing  highly  accurate  modeling  predictions  for  a  wide  variety  of 
EM  wave  interaction  problems.  FD-TO  is  analogous  to  existing  finite-difference  solutions 
of  scalar  wave  propagation  and  fluid  flow  problems  in  thal  the  numerical  model  is  based 
upon  a  direct,  time-domain  solution  of  the  governing  parilai  differential  equation.  Vet.  FD- 
TO  is  a  nontraditionai  approach  to  numerical  electromagnetics  for  engineering  applications 
where  frequency-domain  integral  equation  approaches  have  dominated  for  25  years. 

One  of  the  goals  of  this  paper  is  to  demonstrate  that  recent  advances  in  FO-TD 
modeling  concepts  and  software  implementation,  combined  with  advances  in  computers, 
have  expanded  the  scope,  accuracy,  and  speed  of  FO-TO  modeling  to  the  point  where  it  may 
be  the  best  choice  for  large  EM  wave  interaction  problems.  With  this  in  mind,  this  paper 
will  succinctly  review  selected  2-0  and  3-0  FD-TO  modeling  validations  and  examples: 


t.  EM  wave  penetration  and  coupling 

a.  Narrow  slot  in  a  thick  screen  (2-D,  TE-poiarized  case) 

b.  Wires  in  free  space  and  in  a  metal  cavity  (2-D  and  3-D) 
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Fig  i  Basic  elements  ol  the  FD  TO  space  lance 
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BraaS  Bwrt  ilwnutw  eawiati  autoM*  far  r»4mt  tnm  Mttiaa  (RCS) 
■MMfaMBi.  Tfea  aaw  alg aritta  tovaha*  a  Mu  Minin  Hair  SawiM 
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aaaiiaaar  aadatarlea  ntiN.  L-M  h  bm4  la  a<)M  aur  |>oia«iric 
aatf  caaUmha  pananin  that  iSanrwtii  a  utrw.  wMt*  FD-TD  i§ 
mM  la  aMata  tha  bull  Baal  Mwailr  net  raaaaaaa  far  aa*  tar|*i 
k  racanhw  taaprataaaaai  RMiaaa  la  aataMtahad  la  aMariM 
lb*  brm4  >aaa  SO  waaaaar  a«ar  a  alaiif  raaga  of  Munir  aaglta 
art*  tha  a-MaMa  aaiMaart*  Oafraa  of  fniiaai.  Tha  aaMMa  la  vaM4 
awr  iba  qaftrtRy  hraad  baaOwMik  <  ftaaaaacr  4aca4a  or  aMial  af  iha 
MaaNaaKai  palaa  aa *4  la  iha  FD-TD  cawpaiatlaaal  aafal.  tiaapln  of 
iMa  aMMf  an  prevMad  la  iha  araa  of  SCI  —aapaaaaai  far  caaoalcal 
iwi  ilanaaliaal  raa^anlap  tarpau. 


I.  Introduction 

SYNTHESIS  PROBLEMS  arc  of  fundamental  importance 
in  electrical  engineering.  In  electromagnetic*,  essentially 
all  the  existing  synthesis  approaches  utilize  frequency -domain 
forward  data,  i.a..  sinusoidal  steady-state  values  for  radiated 
or  scattered  fields,  reflection  coefficients,  etc.  Synthesis  over  a 
broad  frequency  band,  therefore,  requires  calculations  spread 
over  the  desired  band  and  over  the  range  of  the  engineering 
degrees  of  freedom  in  the  design.  In  the  area  of  radar  cross 
section  (RCS)  management,  this  synthesis  approach  has  driven 
research  in  reducing  computer  resource  burdens  in-  lived  in 
executing  frequency -domain  forward-scattering  codes. 

This  paper  introduces  a  new  time-domain  synthesis  ap¬ 
proach  for  broad-band  absorptive  coatings  suitable  for  RCS 
management.  The  new  algorithm  involves  a  finite -difference 
time-domain  (FD-TD)  forward-scattering  representation  of 
Maxwell's  curl  equations  (11  in  a  numerical  feedback  loop 
with  the  Levenberg-Msrqotfdt  (L-M)  nonlinear  optimization 
routine  (2).  L-M  it  used  to  adjust  many  geometric  and  con¬ 
stitutive  parameters  that  characterize  a  target,  while  FD-TD 
is  used  to  obtain  the  broad-bend  bistatic  RCS  response  for 
each  target  adjustment.  A  recursive  improvement  process  is 
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established  to  minimize  the  broad-band  RCS  response  over  a 
selected  range  of  bistatic  angles  using  the  available  engineer- 
ing  degrees  of  freedom.  The  solution  is  valid  over  the  po- 
teitially  broad  bandwidth  (frequency  decade  or  more)  of  the 
illuminating  pulse  used  in  the  FD-TD  computational  model 

Because  the  FD-TD  forward  element  is  a  direct  solution 
of  Maxwell's  curl  equations,  it  models  in  a  straightforward 
manner  a  wide  variety  of  electromagnetic  wave  scattering  and 
interaction  phenomena.  The  accuracy  of  FD-TD  modeling 
is  equivalent  to  that  of  the  widely  used,  frequency-domain 
method  of  moments  (MM),  with  essentially  equivalent  results 
of  the  two  methods  for  arbitrary  conducting  and  penetrable 
targets  (the  latter  having  media  properties  as  complex  as  di- 
agonal liable  tensors)  (1).  (3),  (4).  However,  the  explicit  na¬ 
ture  r  the  FD-TD  algorithm  leads  to  computer  storage  and 
run.,.ng  time  burdens  that  are  dimensionally  low  compared  to 
those  of  MM  for  targets  that  are  cither  electrically  large  or 
have  a  complex,  inhomogeneous  material  composition.  The 
accuracy  and  efficiency  of  FD-TD.  combined  with  its  time- 
domain  formulation  which  allows  direct  modeling  of  broad¬ 
band  phenomena,  makes  FD-TD  the  algorithm  of  choice  for 
the  forward-scattering  element  of  the  new  time-domain  syn¬ 
thesis  approach. 

The  L-M  algorithm  (2).  selected  for  use  in  the  feedback 
path,  is  also  considered  to  be  robust  and  one  of  the  best  op¬ 
timization  methods  for  nonlinear  least-squares  problems.  A 
good  example  of  the  utility  of  L-M  optimization  as  opposed 
to  possible  alternatives  such  as  the  quasi-Newton  method  and 
the  conjugate  gradient  method  is  given  in  (5).  which  reports 
the  synthesis  of  near-field  patterns  using  linear  arrays  of  point 
dipoles.  It  is  shown  in  (5)  that  L-M  is  the  most  effective  syn¬ 
thesis  algorithm  in  this  application. 

This  paper  describes  the  new  FD-TD/L-M  synthesis 
method,  and  provides  examples  of  its  application  to  synthe¬ 
size  absorptive  coatings  for  broad-band  RCS  management  of 
canonical  rwo-dimensional  (2-D)  conducting  targets.  The  new 
method  is  used  to  synthesize  both  isotropic  and  anisotropic 
coatings  for  three  urget  shapes:  I)  the  infinite,  fiat  metal 
plate  illuminated  at  normal  incidence:  2)  the  infinite  right- 
angle  metal  wedge;  and  3)  the  infinitely  long  circle-capped 
(rounded)  metal  strip  of  finite  thickness,  in  each  example,  the 
synthesized  Absorptive  coating  is  assumed  to  be  nondisper- 
sive.  Howe  it  appears  possible  to  incorporate  canonical 
dispersions  into  the  FD-TD  element.  This  will  be  a  subject  of 
later  work. 
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II.  FD-TD/L-M  Algorithm 

In  this  section,  we  discuss  the  application  of  the  FD-TD/L- 
M  algorithm  to  the  synthesis  of  broad-band  absorptive  coatings 
for  RCS  management.  For  simplicity,  we  shall  consider  a  tar¬ 
get  of  fixed  shape  and  size,  although  the  synthesis  algorithm 
is  so  general  that  optimization  of  target  geometrical  features 
can  be  incorporated  in  a  straightforward  manner. 

We  first  ooserve  that  the  properties  of  a  target  s  coating 
can  be  described  by  a  set  of  key  parameters.  These  parameters 
might  include  the  number  of  layers  in  the  coating,  the  thickness 
of  each  layer,  the  components  of  the  constitutive  tensors  of 
each  layer  (electrical  permittivity  and  conductivity,  as  well  as 
magnetic  permeability  and  loss),  and  finally  the  variation  of 
the  previous  properties  with  position  along  the  target  surface. 
It  is  clear  that  the  number  /V  of  key  parameters  can  be  large: 
effectively,  there  are  /V  degrees  of  freedom  For  purposes  of 
this  synthesis  approach,  it  is  very  useful  to  consider  the  state  of 
the  overall  coating  as  a  single  point  in  an  N-dimensional  space 
defined  by  a  coordinate  value  for  each  degree  of  freedom.  The 
optimum  coating  can  be  synthesized  by  efficiently  searching 
N-ipacc  for  the  set  of  points  (hopefully  not  the  empty  set)  that 
satisfies  the  engineering  criteria. 

The  FD-TD/L-M  synthesis  algorithm  begins  with  an  initial 
guess  for  the  target  coating  properties,  i.e.,  a  suiting  point 
in  the  A/-space  discussed  above.  The  FD-TD  element  com¬ 
putes  scattered  field-versus-time  waveform.'  at  the  desired  set 
of  physical  locations  in  the  near  or  far  field.  (The  latter  are 
calculated  using  a  time-domain  analog  of  the  near-to-far-field 
transformation  discussed  in  (6J.)  FD-TD  computations  of  the 
scattered  transient  responses  at  the  locations  of  interest  are 
compared  to  the  desired  field  waveforms  at  these  por  ts.  For 
comparison  points  in  the  backscatter  direction.  RCS  manage¬ 
ment  goals  may  dicute  that  the  desired  scattered  field  wave¬ 
form  is  simply  zero,  and  the  mere  presence  of  a  calculated 
transient  scattered  response  at  these  points  comprises  an  error 
signal.  More  generally,  the -FD-TD  calculated  scattered  pulse 
responses  at  all  observation  points  of  interest  are  compared 
to  the  desired  time  profiles,  and  a  weighted,  composite  error 
signal  is  generated,  which  is  sent  to  die  L-M  nonlinear  opti¬ 
mization  feedback  element,  as  shown  in  Fig.  1(a).  The  L-M 
routine  adjusts  the  position  of  the  operating  point  in  the  coat¬ 
ing  A/-space  in  a  direction  to  reduce  the  error  signal  in  the 
least-squares  sense.  With  the  calculation  process  in  the  time 
domain,  causality  can  be  exploited  in  the  optimization  pro¬ 
cess  to  modify  only  the  coating  properties  causally  connected 
to  the  physical  observation  points,  thereby  windowing  desired 
target  features. 

With  the  version  of  the  L-M  algorithm  used  here,  the  N- 
space  search  per  iteration  through  the  FD-TD/feedback  loop 
is  conducted  in  two  phases.  In  Phase  I.  the  search  direction 
is  established  by  calculating  partial  derivatives  of  the  error 
signal  with  respect  to  each  of  the  N  dimensions  (degrees  of 
freedom).  If  central  differences  are  used,  two  forward  FD-TD 
runs  are  required  per  degree  of  freedom  for  this  purpose,  so 
that  this  phase  enuils  2iV  FD-TD  runs.  In  Phase  2,  a  line 
search  is  conducted  along  the  calculated  search  direction  to 
determine  the  distance  that  the  operating  point  moves  in  the 
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Fig.  I.  FD-TD  feedb*ck  method  for  electromagnetic  absorber  synthesis  tai 

Block  diagram,  tb)  Energy  spectral  density  of  the  one-half  cycle.  SC  Hr 

sinusoidal  pulse  used  as  ihc  illuminating  waveform 

N- space.  Numerical  experiments  indicate  that  approximately 
ten  additional  forward  FD-TD  runs  are  needed  for  this  phase. 
At  this  juncture  in  the  algorithm,  the  new  operating  point  in 
the  coating  N- space  has  been  established. 

This  process  is  repeated  until  the  error  signal  drops  to  some 
minimum  value  which  shows  no  further  reduction  upon  addi¬ 
tional  iterations.  Effectively,  the  procedure  traces  out  a  path 
in  the  coating  jV-space  from  the  initial  guess  or  starting  point 
to  the  final  coating  state.  The  recursive  improvement  process 
established  for  the  coating  in  this  manner  leads  at  worst  to 
a  local  minimization  of  the  error,  that  is.  local  in  the  sense 
of  the  coating  /V- space.  Without  much  doubt,  there  may  exist 
a  number  of  such  local  minima,  and  possibly  even  a  global 
error  minimum  for  the  entirety  of  the  jV-space.  A  challenging 
aspect  of  the  nonlinear  optimization  process  is  to  develop  effi¬ 
cient  means  to  perform  a  global  search  of  the  coating  /V-s pace. 
One  possible  approach  is  the  use  of  advanced  multiprocessing 
computers  such  as  the  Connection  Machine  to  implement  con¬ 
currently  a  large  number  of  search  trajectories  in  the  coating 
N- space,  seeded  by  a  like  number  of  starting  points.  Research 
in  this  area  is  commencing. 

With  (he  L-M  optimization  algorithm  providing  aji  efficient 
means  of  searching  through  the  coating  iV-space.  it  becomes 
possible  to  either.  I)  add  additional  degrees  of  freedom  i.e.. 
dimensions  to  the  /V- space,  to  permit  the  target  shape  to  be 
optimized  as  well;  or  2)  to  define  forbidden  zones  in  the  /V- 
space  through  which  search  trajectories  cannot  pass  due  to 
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constraints  imposed  by  manufacturing  costs,  material  avail¬ 
ability.  or  any  other  factors.  Thus,  the  optimization  for  elec¬ 
tromagnetic  properties  can  be  treated  as  a  subset  of  a  more 
general  optimization  wherein  systems-type  considerations  can 
be  imposed. 

HI.  Synthesis  Example  in  One  Dimension 

This  section  provides  s  simple  example  of  the  use  of  the 
FD-TD/L-M  method:  synthesis  of  a  broad-band,  two-layer  ab¬ 
sorbing  coating  to  mitigate  reflection  of  a  normally  incident 
plane  wave  by  an  infinite,  planar,  perfectly  conducting  sheet. 
For  this  (and  subsequent)  examples,  it  is  desired  merely  to 
indicate  the  potential  of  this  approach  without  actually  com¬ 
pleting  an  engineering  design  for  scattering  mitigation,  so  the 
number  of  design  degrees  of  freedom  is  kept  small.  Further, 
artificial  constraints  are  imposed  upon  the  constitutive  param¬ 
eters  of  the  absorber  to  avoid  undue  realism.  For  this  example, 
the  following  constraints  are  imposed: 

1)  Overall  absorber  thickness— 10  mm 

2)  Number  of  absorber  layers— two 

3)  Properties  of  inner  layer  (next  to  conducting  sheet) 

thickness— 7.5  mm 
free-space  permittivity 

finite  electric  and  magnetic  conductivities,  a,  and  am 
electrical  conductivity  ;qual  to  that  of  the  outer  layer 

4)  Properties  of  outer  layer 

thickness— 2.5  mm 

free-space  permittivity  and  permeability 

only  electric  loss  is  present,  and  this  is  equal  to  that 

of  the  inner  layer. 

Thus,  it  is  seen  that  the  coating  /V-space  has  a  dimensionality 
of  only  three,  with  the  inner/outer  layer  electric  loss,  inner- 
layer  magnetic  permeability,  and  inner-layer  magnetic  loss  the 
only  design  degrees  of  freedom  available. 

The  absorber-coated  conducting  sheet  is  synthesized  using 
a  50-cell,  one-dimensional  FD-TD  grid  having  a  uniform  cell 
size  of  0.5  mm.  The  broad-band  excitation  is  a  one-half  cy¬ 
cle  3-GHz  sinusoidal  pulse  having  the  energy  spectral  density 
shown  in  Fig.  1(b).  Note  that  the  exciting  pulse  has  substantial 
energy  content  from  dc  to  over  5  GHz,  and  that  minimization 
of  the  reflected  time-domain  waveform  in  the  least-squares 
sense  amounts  to  a  very  broad-band  mitigation  of  scattering. 

To  begin  the  synthesis  process,  the  point  (a,  *  OJ  S/m. 
nt  -  2.0,  a„  =  0 Sril  fl/m)  in  the  coating  three-space  is  se¬ 
lected  arbitrarily  as  an  initial  guess,  where  no  is  the  character¬ 
istic  impedance  of  free  space.  While  tracing  out  a  trajectory 
in  the  coating  three-space  from  this  starting  point,  the  FD- 
TD/feedback  algorithm  is  constrained  to  keep  the  eleciric  and 
magnetic  conductivity  values  non  negative  arid  the  permeabil¬ 
ity  greater  than  or  equal  to  one.  For  this  example,  causality 
is  not  exploited  in  the  optimization  and  the  entirety  of  the 
reflected  pulse  is  considered  as  the  error  signal  to  be  mini¬ 
mized  in  the  least-squares  sense.  It  is  found  that  six-passes 
through  the  FD-TD/feedback  system  are  needed  for  conver¬ 
gence,  with  each  pass  requiring  16  FD-TD  runs  (each  350 
time  steps).  At  the  conclusion  of  this  process,  which  involves 
a  total  CPU  time  of  2  min  on  the  VAX  11/780,  the  operat- 
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Fig.  2.  SynJtau  eumpic  in  one  dimension.  (a)  Final  coating  state  after 
convergence  of  the  tymhetii  algorithm.  ( b)  Reflection  coefficient  magnitude 
versus  frequency  for  the  lymhcaizcd  coating  over  metal. 

ing  point  in  the  coating  three-space  has  shifted  to  (0.4632. 
4.497,  1.336i>£).  and  the  error  signal  (energy  in  the  reflected 
time-domain  waveform)  has  been  reduced  by  a  factor  of  1 34: 1 
from  that  of  the  initial  guess  for  the  coating. 

Fig.  2(a)  shows  the  final  coating  state  after  convergence 
of  the  synthesis  algorithm.  (For  notational  simplicity  in  this 
and  later  examples,  the  listed  value  of  magnetic  conductivity 
is  the  actual  value  divided  by  r^.)  Validation  of  the  effec¬ 
tiveness  of  this  procedure  is  provided  in  Fig.  2(b),  which 
plots  as  a  function  of  frequency  the  usual  sinusoidal-wave  re¬ 
flection  coefficient  for  the  coated  conducting  sheet,  calculated 
using  standard  impedance-transformation  formulae  applied  to 
the  synthesized  coating.  Over  the  frequency  range  0-6  GHz. 
this  reflection  coefficient  is  less  than  0  05  ( -26  dB),  achieving 
a  minimum  value  of  0.0014  ( -57  dB)  at  2.2  GHz 

IV.  Synthesis  or  Absorptive  Coatings  for  the  Infinite 
Metal  Wedge 

In  this  section,  the  FD-TD/feedback  method  is  used  to 
synthesize  absorbing  coatings  for  an  important  canonical 
two-dimensional  structure,  the  infinite,  perfectly  conducting, 
right-angle  wedge  subject  to  transverse  magnetic  (TM)  plane- 
wave  illumination.  As  in  the  previous  example,  constraints 
are  placed  upon  the  synthesis  to  indicate  the  potential  of  the 
approach  without  completing  an  actual  engineering  design. 

Fig.  3  shows  the  constraints  imposed  upon  the  problem  to 
meet  the  above  goals.  The  wedge,  shown  as  the  shaded  region 
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infinite,  perfectly  conducting,  right-angle  wedge 


extending  an  infinite  distance  along  the  +x  and  +y  axes,  is 
assumed  coated  with  two  distinct,  homogeneous  absorbers: 
a  5-mm  thick  "left"  coat  along  the  +y- axis:  and  a  5-mm 
thick  “bonom"  coat  along  the  -Hr-axis.  The  two  coats  art 
in  contact  at  the  wedge  vertex  and  form  a  miter  joint-  Two 
different  coating  pairs  are  synthesized.  In  Case  1,  the  left  and 
bonom  coats  are  isotropic:  while  in  Case  2.  the  left  and  bottom 
coats  have  diagonal  tensor  anisotropy  for  the  magnetic  loss. 
For  both  cases,  the  relative  permittivity  aod  permeability  of 
the  coats  is  assumed  fixed  at  1.0  (a  scalar  value):  the  left-coat 
electrical  conductivity  is  fixed  at  1.25  S/m  (scalar);  and  the 
bottom-coat  electrical  conductivity  is  fixed  at  0  5  S/m  (scalar). 
Thus,  for  Case  1.  the  coa.ing  jV-spacc  has  a  dimensionality 
of  only  two  (the  left-  and  bottom-coat  scalar  magnetic  losses 
being  the  only  degrees  of  irredom);  while  for  Case  2,  the 
coating  iV-space  has  four  dimensions  (the  two  diagonal  tznsoc 
components  of  magnetic  loss  for  each  of  the  two  coats). 

The  coated  wedge  is  synthesized  using  a  200  x  30C  c.-K 
two-dimensional  FD-TD  grid  having  a  uniform  cell  si a?  of 
0.5  mm.  The  brood-band  excitation  is  again  a  one-half  eyelp 
3-GHz  sinusoidal  pulse,  TM  polarized,  and  having  an  incident 
wavevector  oriented  at  30c  with  respect  to  the  +x-axis.  Time 
waveforms  of  the  scattered  electric  near  field  are  observed  at 
eight  points  located  5  mm  from  the  coated  wedge,  denoted  by 
signs  in  Fig.  3.  By  properly  selecting  the  FD-TD  grid 
and  wedge  size,  as  well  as  the  number  of  time  steps,  the  ob¬ 
servation  points  are  causally  isolated  from  diffraction  effects 
at  the  rear  of  the  wedge  for  a  length  of  time  sufficient  to  per¬ 
mit  the  observed  fields  to  decay  as  they  would  for  an  infinite 
wedge.  (In  effect,  the  time-domain  formulation  of  the  forward- 
scattering  element  is  exploited  to  permit  effective  simulation 
of  an  infinite  wedge  by  time-gating  spurious  diffraction  effects 
due  to  finite  actual  wedge  size  (7].)  The  error  signal  input  to 
the  optimizer  consists  of  the  square  of  the  sum  of  the  abso¬ 
lute  values  of  the  FD-TD  computed  tune  samples  at  the  eight 
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observation  pouts,  acctmulated  umc-sttp  b/  time-step  until 
the  essential  dtcay  tf  the  computed  field*  at  the  observation 
pxiu. 

To  begin  the  syn4f,:is  jcoccw  for  the  isotropic  coatings  of 
Case  1,  the  point  (o^  =  1-25,  omw(  =  5.0)  in  the  coating 
two-space  is  selected  arbitrarily  as  the  initial  guess.  It  is  found 
that  six  passes  through  the  FD-TD/feedback  system  are  needed 
for  convergence,  with  each  pass  requiring  14  FD-TD  runs 
(each  350  time  steps).  At  the  conclusion  of  this  process,  which 
involves  a  total  CPU  time  of  2  min  on  a  single  processor  of 
the  Cray  X-MP,  the  operating  point  in  the  coating  two-space 
has  shifted  to  (1.50,  2.266),  and  the  error  signal  has  been 
reduced  by  a  factor  of  2.9 : 1  from  that  of  the  initial  guess  for 
the  coating. 

Fig.  4(a)  shows  the  final  coating  state  for  Case  1  after  con¬ 
vergence  of  the  synthesis  algorithm,  and  Fig.  4(b)  shows  the 
corresponding  mitigation  of  the  broad-band  scattered  pulse  in 
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the  far  field.  The  mitigation,  shown  over  the  bistatic  angular 
range  180° -270s,  is  a  broad-band  figure  of  merit  defined  here 
as  the  ratio  of  the  peak  amplitudes  of  the  computed  scattered 
pulses  for  the  absorber-coated  and  uncoated  wedge.  From  Fig. 
4(b),  we  see  that  the  calculated  bistatic  mitigation  for  the  30° 
incident  pulse  used  in  the  synthesis  is  fairly  Aat  (ranging  from 
-  35  to  -42  dB),  with  a  mitigation  of  -37  dB  for  the  broad¬ 
band  monostatic  return  at  210°.  To  illustrate  the  sensitivity  of 
the  mitigation  to  the  illumination  angle.  Fig.  4(b)  also  shows 
results  for  the  same  coating  state  but  with  the  incident  pulse 
rotated  by  10°  in  azimuth  (propagating  at  40°  with  respect  to 
the  -wr-axis).  The  new  monostatic  return  at  220°  shows  little 
change  from  the  previous  value.  However,  there  appears  to 
be  somewhat  degraded  bistatic  mitigation  at  angles  to  either 
side  of  220°. 

To  begin  the  synthesis  process  for  the  anisotropic  coat¬ 
ings  of  Case  2,  the  point  (<r *,,.!*«  =  0.1,  am>. =  1.34, 
am,.bot  =  6.92,  o*r,bo«  =  0.5)  in  the  coating  four-space  is  se¬ 
lected  arbitrarily  as  the  initial  guess.  It  is  found  that  15  passes 
through  the  FD-TD/feedback  system  are  needed  for  conver¬ 
gence.  with  each  pass  requiring  18  FD-TD  runs  (each  350 
time  steps).  At  the  conclusion  of  this  process,  which  involves 
a  total  CPU  time  of  6.4  min  on  a  single  processor  of  the 
Cray  X-MP.  the  operating  point  in  the  coating  four-space  has 
shifted  to  (0.01.  1.604.  2. 24,  0.0174),  and  the  error  signal 
has  been  reduced  by  a  factor  of  205: 1  from  that  of  the  initial 
guess  tor  the  coating. 

Fig.  5(a)  shows  the  final  coating  state  for  Case  2  after  con¬ 
vergence  of  the  synthesis  algorithm,  and  Fig.  5(b)  shows  the 
corresponding  mitigation  of  the  broad-band  scattered  pulse  in 
the  far  field.  From  Fig.  5(b),  we  see  that  the  calculated  bistatic 
mitigation  for  the  30°  incident  pulse  used  in  the  synthesis 
varies  in  the  range  -  44  dB  to  -  60  dB.  with  a  mitigation 
of  -53  dB  for  the  broadband  monostatic  return  at  210°.  This 
is  an  improvement  of  16  dB  relative  to  the  isotropic  coatings 
of  Case  1 .  However,  the  sensitivity  of  the  mitigation  to  illu¬ 
mination  angle  appears  increased  for  Case  2  relative  to  Case 
I .  This  is  indicated  by  the  results  shown  in  Fig.  5(b)  for  the 
same  anisotropi  coating  state  but  with  the  incident  pulse  ro¬ 
uted  by  10°  in  azimuth  to  propagate  at  40°  with  respect  to 
the  +*-axis.  The  new  monostatic  return  at  220°  is  degraded 
to  a  -43  dB  mitigation,  and  the  remainder  of  the  bistatic  mit¬ 
igation  pattern  generally  is  degraded  even  more. 

In  viewing  the  results  for  Case  2.  one  might  conclude  that 
anisotropic  coatings  present  some  difficulties  with  respect  to 
scattering  mitigation  over  a  useful  range  of  illumination  an¬ 
gles.  However,  this  conclusion  is  not  warraited.  Case  2  shown 
here  was  purposefully  selected  to  represent  a  coating  space  of 
low  dimensional  ty  (no  layering,  no  variation  of  permittivity 
or  permeability,  etc.).  Our  preliminary  work  has  shown  that 
synthesis  of  scattering  mitigation  over  a  specified  range  of  il¬ 
lumination  angles  is  possible  for  Case  2  simply  by  permitting 
more  degrees  of  freedom. 

V.  Synthesis  op  Absorptive  Coatinos  for  the  Rounded 
Metal  Strip 

In  this  section,  the  FD-TD/feedback  method  is  used 
to  synthesize  absorbing  coatings  for  a  second  canoni- 
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Fig.  $.  Sywheau  results  for  Use  conducting  right  angle  wedge,  anisotropic 
coaung  case  (a)  Pinal  coating  state  after  convergence  of  ihe  synthesis 
algorithm,  (b)  Mitigation  of  tht  broad-band  scattered  pulse  m  the  far  field 
versus  tn static  angle. 

cal  two-dimensional  structure,  the  infinitely  long,  perfectly 
conducting  strip  of  finite  thickness  having  a  semicircular 
rounded  edge.  (This  is  the  two-dimensional  analog  of  the 
infinitely-long,  sphere-capped  cylinder.)  As  in  the  previous 
examples,  the  dimensionality  of  the  coatrng  space  is  deliber¬ 
ately  kept  low. 

Fig.  6  shows  the  constraints  imposed  upon  the  problem  10 
meet  the  above  goal.  The  rounded  strip,  snowi,  as  the  shaded 
region  extending  an  infinite  distance  and  centered  along  the 
+or-axis.  is  assumed  to  be  10  mm  thick  and  coated  with  a  5- 
mrn  thick  absorber.  The  absorber  is  assumed  to  be  comprised 
of  distinct  0.5-mm  thick  layers,  with  each  layer  parallel  to 
the  x-axis  and  having  homogeneous  material  properties  Even 
symmetry  of  the  absorber  properties  is  assumed  about  the  x- 
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Fig.  6.  At'  timed  geometry  for  the  synthesis  of  absorbing  coatings  on  an 
infinite,  ixrfectiy  conducting  sinp  of  finite  thickness  with  rounded  edge. 

axis.  For  notations  simplicity,  the  coating  layers  to  either  side 
of  the  x-axis  are  assigned  the  indices  j  =  0.1, 0.2,  ,2.0, 

where  the  j  =2.0  layer  is  farthest  from  the  x-axis.  Given  this 
arrangement,  two  different  coatings  are  synthesized. 

Cast  1:  Each  coating  layer  is  assumed  to  be  isotropic,  and 
the  electric  and  magnetic  conductivities  arc  assumed  to  be 
separate,  iionnegative.  quadratic  (unctions  of  the  “j"  index  of 
the  layer,  defined  by 

ot(j)  -  i<»o  -t-aiy  + 

Om.U'  ~°m,U)  -  \b0i-b\J  Jrb2j2\. 

Case  2:  Each  coating  Ipyer  is  assumed  to  be  anisotropic, 
with  the  electric  and  magnetic  conductivities  defined  as  a  func¬ 
tion  of  the  layer  "j"  index  by  the  nonnegative  quadratic  func¬ 
tions 

o,(j)  =  Om,(j)  *  Co  +  ctj  -+•  c2>2 1; 

Om.U)  =  \do  +  d,j  +d2jl\. 

For  both  cases,  the  relative  permittivity  and  permeability  for 
each  coating  layer  is  assumed  to  be  one.  Thus,  despite  the 
large  number  of  layers  in  the  absorber  for  each  case,  the  coat¬ 
ing  N- space  has  a  dimensionality  of  only  six  because  there 
are  only  six  degrees  of  freedom  implied  by  the  three  coeffi¬ 
cients  for  each  of  two  quadratic  functions  used  to  describe  the 
overall  absorber  electrical  characteristics. 

The  coated,  rounded  strip  is  synthesized  using  a  200  x  100 
cell  two-dimensional  FD-TD  grid  heving  a  uniform  cell  size 
of  0.5  mm.  The  broad-band  excitation  is  again  a  one-half 
cycle.  3-GHz  sinusoidal  pulse,  TM  polarized,  and  having  an 
incident  wavevector  oriented  at  0°  with  respect  to  the  +x- 
axis.  Time  waveforms  of  the  scattered  electric  near  field  are 
observed  at  the  eight  points  denoted  by  "+”  signs  in  Fig.  6. 
.Similar  to  the  infinite  wedge  case,  these  observation  points 
are  causally  isolated  from  diffraction  effects  at  the  rear  of  the 
Mrip  by  proper  selection  of  the  size  of  the  FD-TD  grid  and 
strip,  as  well  as  the  number  of  time  steps.  This  permits  the 
observed  fields  to  decay  as  they  would  for  an  nfinitely  long 


strip.  Again,  the  error  signal  input  to  the  optimizer  consists 
of  the  square  of  the  sum  of  the  absolute  values  of  the  FD-TD 
computed  time  samples  at  the  observation  points,  accumulated 
urril  the  decay  of  the  computed  fields  at  these  points. 

To  begin  the  synthesis  process  for  the  isotropic  coating  lay¬ 
ers  of  Case  1.  the  point  (ao  ~  t,  0i  =  -0.4,  a2  =  0,  bo  =  l. 
b\  =  l,  bi  -  0)  in  tlie  coating  six-space  is  selected  arbitrar¬ 
ily  as  the  initial  guess.  It  is  found  that  seven  passes  through 
the  FD-TD/feedback  system  are  needed  for  convergence,  with 
each  pass  requiring  22  FD-TD  runs  (each  350  »ime  steps).  At 
the  conclusion  of  this  process,  which  involves  a  total  CPU 
time  of  1.2  minutes  on  a  single  processor  of  the  Cray  X- 
MP,  the  operating  point  in  the  coating  6-space  has  shifted  to 
(0.95522,  1.6156.  -1.1627.0.77^.  -0  8257.  1.9198).  and 
the  error  signal  has  been  reduced  by  a  factor  of  22:1  from 
that  of  the  initial  guess  for  the  coating. 

Fig.  7(a)  shows  the  final  coating  state  for  Case  1  after  con¬ 
vergence  of  the  synthesis  algorithm  by  plotting  the  isotropic 
electric  and  magnetic  conductivity  profiles  versus  layer 
index.  Fig.  7(b)  shows  the  corresponding  mitigation  of  the 
broad-band  scattered  pulse  in  the  far  field  over  the  bistatic 
angular  range  90° -270°.  From  Fig.  7*b)  we  see  a  moderate 
level  of  mitigation,  about  -20  dB.  that  is  only  a  week,  func- 
•>n  of  bistatic  angle.  We  also  note  that  the  mitigation  does 
not  deteriorate  appreciably  when  the  incident  pulse  is  rota  ed 
by  10°  in  azimuth. 

To  begin  the  synthesis  procedure  for  the  anisotropic  coating 
layers  of  case  2,  the  point  (c0  -  1.  c  .  =  0.  c2  =  0,  d0  =  ! , 
d  i  =0,d2  =  0)  in  the  coating  six-space  is  selected  arbitrarily 
as  the  initial  guess.  It  is  found  that  six  passes  through  the  FD- 
TD/feedback  system  are  needed  for  convergence,  with  each 
pass  requiring  22  FD-TD  rurs  (each  350  time  steps).  At  the 
conclusion  of  this  process,  which  involves  a  total  CPU  time  of 
1 .0  min  on  a  single  processor  of  the  Cray  X-MP.  the  operating 
point  in  the  coating  six-space  has  shifted  to  ( 1  0299,  0. 1 299. 
-0.3277.  4.6508,  4.3234  ,  6.1330).  and  the  error  signal  has 
been  reduced  by  a  factor  of  240 :  I  from  that  of  the  initial 
guess  for  the  coating. 

Fig.  8(a)  shows  the  final  coating  state  tor  Case  2  after  con¬ 
vergence  of  the  synthesis  algorithm  by  plotting  the  anisotropic 
electric  and  magnetic  conductivity  profiles  versus  layer  “j” 
index.  Fig.  8(b)  shows  the  corresponding  mitigaron  of  the 
broad-band  scattered  pulse  in  the  far  field  over  the  bistatic 
angular  range  90° -270®.  From  Fig.  8(b),  we  see  that  the  use 
of  coating  anisotropy  substantially  increases  the  level  of  mit¬ 
igation  to  the  range  -35  dB  to  -38  dB.  with  the  mitigation 
remaining  only  a  weak  function  of  the  bistatic  angle.  How¬ 
ever,  similar  to  the  wedge  coaled  with  the  low-dimensional 
anisotropic  absorber,  the  sensitivity  of  the  bistatic  mitigation 
to  a  10°  r  >ation  of  the  illumination  angle  (with  coating  prop¬ 
erties  fixed  a;  the  original  synthesized  state)  is  increased  rel¬ 
ative  to  the  isotropic  absorber  case.  We  note,  however,  that 
mitigation  of  the  new  broad-band  monostatic  return  at  i90° 
improves  slight!  to  -42  dB. 

VI.  Conclusion 

This  pape;  introduced  a  new  time-domain  synthesis  ap¬ 
proach  for  broad-band  absorptive  coatings  suitable  for  RCS 
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Fi|.  7.  Synthesis  results  for  the  rounded  conducting  strip,  isotropic  costing 
case,  (s)  Final  coating  state  after  convergence  of  the  synthesis  algorithm, 
(b)  Mitigation  of  the  broad-band  scattered  pulse  in  the  far  field  versus 
bistatic  angle 

management.  The  new  FD-TD/L-M  synthesis  algorithm  has  a 
number  of  attractive  features.  First,  the  synthesis  achieved  is 
just  as  accurate,  flexible,  and  computationally  efficient  as  the 
forward -scattering  FD-TD  element  used  in  the  algorithm.  Sec¬ 
ond,  the  synthesis  is  broad-band,  depending  upon  the  pulsed 
illumination  used,  due  to  the  time -domain  nature  of  FD- 
TD.  Third,  the  synthesis  is  automated,  capable  of  finding  at 
least  locaUy-opomum  coatings  in  situations  where  the  designer 
might  be  faced  with  many  degrees  of  freedom.  Evolution  of 
large-scale  concurrent  processing,  for  example  using  the  Con¬ 
nection  Machine,  to  implement  efficiently  both  the  FD-TD 
and  nonlinear  optimization  elements  of  the  algorithm,  may 
permit  efficient  searches  of  high-dimensional  coating  spaces 
that  include  manufacturing  and  economic  constraints  as  well 
as  technical. 
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Fig.  S.  SynthHU  nulls  for  dw  rounded  conducting  strip,  snuotropic  coat¬ 
ing  cue  (1)  Final  coating  stale  after  convergence  of  the  synthesu  algo¬ 
rithm.  (b)  Mitigation  of  (ho  broad-band  scattered  pulse  in  die  far  Acid 
venue  butane  angle. 
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A  oew  method  for  modeling  moving,  perfectly  conducuni  surface*  is  analyzed  using  • 
numerical  technique  based  on  the  finite-difference  time  domain  (FD-TD)  method.  Contrary  to 
any  other  method,  the  numcncal  technique  tired  does  not  require  a  system  transformation 
where  the  object  t*  at  net  but  gives  a  safeties  to  the  problem  directly  in  the  laboratory  frame. 
The  central  idea  of  this  new  technique  is  Ota  direct  finite  difference  implementation  of  the 
relativistic  boundary  conditions  at  a  moving  euRaoe.  The  electromagnet'  wave  scattering 
properties  of  a  uniformly  moving  and  vibraoug  rectangular  cylinder  arr  analyzed,  first  in  one 
dimension  and  then  in  two  dimtasuiaa.  Remits  obtained  art  in  excellent  agreement  with 
published  analytical  results.  The  new  approach  provides  a  method  to  analyse  different 
pro  Menu  of  moving  perfectly  conducting  scaitemrs  where  aiurnauve  analytical  means  are  not 
available.  Moreover,  the  time  evolution  of  the  fields  art  directly  observable  in  the  laboratory 
frame  c  tsse  — - —  Pm.  tea 


1.  Introduction 

The  analysis  of  electromagnetic  wave  interactions  with  moving  surfaces  is  of 
importance  in  ttudks  of  moving-target  detection,  generation  of  high-power 
microwave  energy  by  moving  dense  plasmas,  and  astrophysical  phenomena.  Such 
problems  cao  generally  be  divided  in  two  categories:  low-velocity  efTects  (moving 
solid  targets)  and  high-velocity  effects  (relativistic  moving  plasmas,  astrophysics). 
Problems  involving  low  velocities  can  be  simplified  by  considering  only  first  order 
terms  in  o/c  (c  being  the  velocity  of  light  in  free  space).  Problems  involving 
relativistic  velocities  are  more  difficult  to  solve  analytically  and  increasingly  are 
being  approached  via  numerical  techniques. 

In  most  cases,  analytical  approaches  for  the  electrodynamics  of  moving  bodies 
employ  a  system  transformation  wherein  the  object  is  at  rest.  Such  a  transformation 
is  well  defined  for  uniformly  moving  and  is  known  as  the  Lorentz  transformation  [  1  ]. 

*  This  work  wss  tupporud  in  part  by  National  Foundation  Grant  ASC-MI1273  and  office  of  Naval 
R march  Contract  N000I4-M-K-O475 
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I.  Introduction 

RECENTLY  A  novel  analytical  technique  based  oo  the 
on-surface  radiation  condition  (OSRC)  theory  (1]  was 
introduced  for  modeling  uigb-frequency  electromagnetic  wave 
scattering.  For  two-dimensional  analysis  of  electromagnetic 
scattering  by  convex  conducting  objects,  the  OSRC  approach 
has  demonstrated  substantial  simplification  of  the  usual  inte¬ 
gral  equation  for  the  induced  surface  currents  through  the 
application  of  a  radiation  boundary  operator  (2],  [3]  directly 
on  the  object  surface.  This  nwwKrvt  has  been  shown  to  give 
reasonable  results  for  two-dimensional  perfectly  conducting 
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objects  having  either  transverse  magnetic  (TM)  or  transverse 
electric  (TE)  plane  wave  excitation  [1]  and  also  has  been 
applied  to  various  reactively  loaded  acoustic  scattering  prob¬ 
lems  [4].  The  main  purpose  of  this  paper  is  to  demonstrate 
further  an  extension  and  application  of  this  novel  OSRC 
analytical  technique  to  the  analysis  of  electromagnetic  scatter¬ 
ing  and  penetration  by  homogeneous  convex  dielectric  ob¬ 
jects. 

Over  the  past  several  years,  there  has  been  substantial 
investigation  in  the  development  of  expansions  for  local 
radiation  boundary  conditions  of  higher  order  than  the  Som¬ 
me  rfeld  condition  [5],  [6].  The  goal  has  been  to  achieve 
nearly  reflection-free  truncations  of  space  grids  used  to  model 
wave  interactions  with  structures  via  direct  finite -difference 
[7],  [8]  or  finite-element  simulations  of  the  governing  partial 
differential  field  or  wave  equations.  The  boundary  operators, 
containing  mixes  of  both  space  and  time  partial  derivatives, 
principally  exploit  the  asymptotic  behavior  of  the  scattered 
field  in  either  cylindrical  or  spherical  coordinate  systems. 
While  the  radiation  boundary  operators  have  been  success¬ 
fully  applied  to  the  scattered  field  away  from  the  specific 
scatiercr  of  interest,  the  OSRC  concept  was  prompted  by  the 
observation  that  the  outer  boundaries  of  finite-difference 
time-domain  space  grids  [7]  employing  the  second-order 
radiation  boundary  operator,  could  be  brought  very  close  to  a 
scanerer  without  adversely  affecting  the  fax- field  results.  In  a 
limit,  if  the  radiation  boundary  condition  is  applied  directly 
on  a  two-dimensional  conducting  scanerer  surface,  the  origi¬ 
nal  integral  equation  for  the  scattered  field  can  be  reduced  to 
merely  a  line  integral  of  known  fields  around  the  surface  for 
the  TM  case,  or  an  ordinary  differential  equation  to  be  solved 
around  the  surface  for  the  TE  case,  whereby  analytical 
expressions  for  the  induced  surface  current  distribution  can 
be  obtained  [1].  Interestingly  enough,  elaborate  finite-dif¬ 
ference  numerical  simulation  schemes  are  no  longer  required 
which  seems  to  depend  oo  the  accuracy  needed.  In  order  to 
extend  the  general  applicability  of  the  OSRC  technique  to  the 
case  of  scattering  and  penetration  involving  re-entrant  and 
other  related  cavity  type  interaction  problems,  a  detailed 
study  is  reported  in  this  paper  concerning  the  electromagnetic 
scattering  and  interaction  analysis  of  homogeneous  convex 
dielectric  objects.  In  fact,  the  formulation  is  applicable  in  the 
low  frequency,  resonant  frequency,  and  also  high  frequency 
regimes.  Specifically  for  the  case  of  high  frequency  regimes 
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[4],  an  asymptotic  expansion  in  terms  of  the  wavenumber  k 
can  also  be  used  in  the  derivation  of  the  near  and  far 
scattered  fields. 

For  the  analysis  of  homogeneous  dielectric  objects  [9],  use 
of  the  dielectric  boundary  conditions  in  the  OSRC  differential 
equation  yields  a  relation  between  the  electric  field  and  its 
normal  derivative  on  the  surface  of  the  scatterer.  As  the 
OSRC  equation  is  only  valid  over  the  boundary  surface,  one 
needs  an  additional  relation  between  the  electric  field  and  its 
normal  derivative  on  the  scatterer  contour  to  completely 
solve  die  problem.  In  this  study,  a  functional  form  for  tbe 
interior  field  distribution  is  specified,  immediately  providing 
the  required  additional  relation  through  differentiation. 
Specifically,  the  interior  electric  field  is  represented  by  a 
modal  expansion  with  unknown  coefficients.  For  the  case  of 
general  dielectric  scatterer  application,  the  functional  form  of 
differential  equation  can  be  analyzed  based  on  an  appropriate 
numerical  method.  For  a  circular  dielectric  cylinder,  a  direct 
substitution  of  this  modal  expansion  ,nto  the  OSRC  equation 
followed  by  an  enforcement  of  the  orthogonality  of  the 
angular  eigenfunctions  gives  a  solution  for  the  unknown 
coefficients.  However,  for  a  general  dielectric  cylinder,  such 
a  procedure  is  not  applicable  because  a  modal  series  defined 
in  an  arbitrary  dielectric  object  is  not  guaranteed  convergence 
at  points  everywhere  on  tbe  scatterer  contour,  so  that  the 
boundary  conditions  cannot  be  applied  to  this  expansion.  To 
surmount  this  difficulty,  an  analytic  continuation  method  is 
used  [10],  [11].  In  this  scheme,  the  interior  field  modal 
expansions  are  analytically  continued  throughout  the  scatterer 
interior  in  order  to  obtain  series  expansions  which  are  valid 
on  the  contour  of  the  dielectric  scatterer.  Once  this  is  done, 
the  OSRC  differential  equatiou  can  be  used  to  apply  the 
boundary  conditions,  yielding  a  matrix  equation  for  the  un¬ 
known  expansion  coefficients. 

In  the  following,  the  application  of  tbe  OSRC  method  to 
the  case  of  homogeneous  dielectric  objects  is  outlined  briefly 
beginning  with  the  general  dielectric  OSRC  equation  and  the 
solution  for  a  homogeneous  circular  dielectric  cylinder.  A 
brief  outline  of  the  analytical  continuation  formulation,  which 
is  required  only  inside  the  scatterer,  is  then  presented  and 
applied  to  the  case  of  a  homogeneous  dielectric  elliptic 
cylinder.  Numerical  results  for  tbe  surface  electric  and  mag¬ 
netic  current  distributions  ate  presented  for  both  tbe  dielec¬ 
tric  circular  and  elliptic  cylinders-  having  TM  plane  wave 
excitation.  The  TE  excitation  case  is  not  reported  here  since 
it  forms  a  trivial  dual  case.  For  tbe  canonical  dielectric  case 
studies  reported,  good  validations  have  been  obtained  baaed 
on  the  regular  eigenfunction  solution  uvf  the  combined  field 
coupled  integral  equation  numerical  solution  [8],  [12]. 

n.  General  Formulation 

Let  us  consider  a  two-dimensional,  convex,  homogeneous 
dielectric  scatterer  excited  normally  by  a  TM  polarized  plane 
wave  as  shown  in  Fig.  1.  The  dielectric  scatterer  is  assumed 
to  be  uniform  in  the  z -coordinate  direction.  The  cross  section 
of  the  arbitrary  convex  cylinder  is  contained  in  region  2  and 
is  bounded  by  a  contour  C.  Outside  region  2  is  region  1 
representing  an  isotropic  free  space  medium.  Referring  to 


Fig.  1,  let 

<i.  hi  permittivity  and  permeability  of  the  free  space 
region; 

<2,  hi  permittivity  and  permeability  of  the  dielectric 

_  _  material  scatterer; 

(E\,  Hf)  electric  and  magnetic  scattered  fields  in  region 

_  i; 

(EJ,  HJ)  electric  and  magnetic  scattered  fields  in  region 

2; 

(E{,  H|)  electric  and  magnetic  incident  fields  in  region 

1. 

In  tbe  classical  approach,  the  expressions  for  tbe  scattered 
fields  in  regions  1  and  2  are  obtained  in  terms  of  the  surface 
electric  and  magnetic  fields  or  in  terms  of  the  corresponding 
equivalent  magnetic  and  electric  currents  on  the  contour  C, 
by  invoking  tbe  electromagnetic  equivalence  principle  [8].  In 
the  application  of  OSRC  method  for  the  electromagnetic 
scattering  by  the  dielectric  object,  a  higher  order  radiation 
boundary  condition  is  enforced  on  the  contour  C  of  tbe 
convex  scatterer  itself.  According  to  this  approach,  for  tbe 
case  of  a  TM  excited  two-dimensional  smooth  convex  cylin¬ 
der,  the  z -component  of  the  scattered  electric  field  in  region 
1  should  satisfy  tbe  following  radiation  boundary  condition 
UJ: 
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where  Jt  is  tbe  radius  of  Urge  circle,  A;  is  the  propagation 
factor  in  the  free  space  region,  w  is  tbe  frequency,  b/dv  is 
the  normal  derivative,  4  and  s  are  the  curvature  and  arc 
length,  respectively,  along  the  contour  C.  Further,  across  the 
boundary  contour  C  of  tbe  homogeneous  dielectric  cylinder. 
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the  z  component  of  the  electric  fields  mi  the  transverse 
component  of  the  magnetic  fields  axe  continuous,  yielding  the 
regular  surface  boundary  conditions 

£f  +  £|  -  El  (2») 

l  (Hf  +  H{)  -l-Bj  (2b) 

where  S  is  a  tangential  vector  to  the  contour  C,  and  in  terms 
of  normal  derivatives  the  expression  (2b)  takes  the  form 

±(i£  +  !£).±i5.  (ic) 

»,  (a,  a,  ) 

On  substituting  the  boundary  conditions  (2a)  and  (2c)  into  the 
OSRC  boundary  operator  (1), 


dv 


vfc,  aJ£2'  d£{  .  - 


where  the  coefficients  .4  and  £  are  given  by 

..  *  /** 

A  - Jk  *  1 + 

*m2(k-Jt)‘ 


IE.  Scattewno  by  a  Dielectric  Circular  Cylinder 

Consider  the  case  of  homogeneous  dielectric  circular  cylin¬ 
der  of  radius  a  illuminated  by  a  TM  polarized  normally 
incident  plane  wave.  In  the  regular  dielectric  scacterer  analy¬ 
sis,  one  uses  the  electric  and  magnetic  field  boundary  condi¬ 
tions  (2a)  and  (2b)  along  with  modal  expansions  for  the 
interior  and  exterior  scattered  fields.  However,  in  the  OSRC 
analysis,  one  needs  only  an  interior  field  modal  expansion, 
and  the  expression  (3a)  which  serves  as  a  boundary  condition 
for  the  ulterior  field.  For  the  case  of  circular  cylindrical 
geometry,  substituting  »  *  r  and  s  *  r<t>,  (3a)  takes  the  form 


M,  dEi  B  a7£j' 

—  ~  +  AE{  +  -r  --f 
Mi  dr  r 1 


~  +  AEi  +  — r 


B  dlE\ 


and  the  coefficients  A  and  B  are  given  by 

A  «  jk  +  —  +  — rr~ - r 

7r  8  r*(k-j/r) 


2(k  -  jjr)  ^ 

A  TM  polarized  normally  incident  plane  wave  having  unit 
amplitude  and  propagating  in  the  x  direction  can  be  written 
in  terms  of  an  infinite  sum  over  cylindrical  inodes,  and  is 
given  by 


The  right-hand  side  of  (3a)  is  simply  equal  to  BtE{,  and, 
being  a  function  of  the  incident  field  only,  is  completely 
known.  For  convenience,  a  second  operator  B2  is  intro¬ 
duced  to  represent  the  operation  on  £J  in  the  left  side  of 
(3a).  This  operator  differs  from  the  B2  operator  only  in  the 
permeability  ratio  multiplying  the  normal  derivative.  For  the 
case  of  lossy  materials,  the  permittivity  and  permeability 
parameters  of  the  dielectric  scatterer  are  redefined  in  terms  of 
their  effective  values  to  take  into  account  the  conductivity 
parameter.  It  is  known  that  the  total  electric  field  evaluated 
on  the  contour  C  is  proportional  to  the  equivalent  magnetic 
surface  current  on  C,  and  that  the  normal  derivative  of  the 
electric  field  on  C  is  proportional  to  equivalent  electric 
surface  current  on  C.  Thus,  (3a)  provides  a  relation  between 
the  equivalent  electric  and  magnetic  currents  on  the  surface 
of  the  dielectric  scanner.  Since  (3a)  ia  a  relation  between 
two  unknowns,  it  alone  is  not  enough  to  solve  the  scattering 
problem;  an  additional  relation  between  the  total  electric  field 
and  its  normal  derivative  on  C  is  also  necessary.  If  a 
functional  form  is  assumed  for  the  interior  scattered  electric 
field,  the  second  required  relation  is  immediately  provided 
through  differentiation.  In  the  following  section,  the  interior 
electric  field  of  a  circular  cylinder  will  be  represented  by  an 
eigenfunction  expansion  having  unknown  coefficients.  This 
single  expansion,  when  substituted  into  the  relationship  (3a), 
is  enough  to  yield  the  unknown  scattering  coefficients.  Once 
the  electric  field  is  known  along  the  contour  C,  the  corre¬ 
sponding  scattered  magnetic  field  along  the  contour  C  can  be 
obtained  by  taking  the  normal  derivative  of  the  scattered 
electric  field. 


£(('.*)«*->*' -  t  J~mJm(kr)eJm*.  (5a) 

mm  -  am 

For  the  dielectric  region  the  interior  *  can  be 

similarly  written  as 

**('.*>-  t  PmJ.K-  W 

m  »  — • 

(5c) 

where  Jm  is  the  Bessel  function  of  first  kind  and  of  order  m, 
Pm  are  the  unknown  scattering  modal  coefficients  for  the 
interior  fields,  and  k2  is  the  propagation  constant  for  the 
dielectric  region.  By  substituting  the  modal  expansions  (5a) 
and  (5b)  into  the  OSRC  relationship  (4a)  and  by  invoking  the 
orthogonality  properties  with  respect  to  the  angular  variable 
0  on  both  sides  of  the  expression,  the  various  modal  coeffi¬ 
cients  Pm  can  be  determined 


In  fact,  using  the  electric  field  boundary  condition,  expres¬ 
sion  (2a).  the  modal  coefficients  for  the  exterior  fields  can 
also  be  determined,  if  required.  Similarly,  the  transverse 
magnetic  field  can  be  obtained  by  taking  the  normal  deriva¬ 
tive  of  the  electric  field.  In  fin,  the  electric  and  the  magnetic 
fields  along  the  contour  C  can  be  converted  into  the  cone- 
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*  ponding  equivalent  magnetic  and  electric  currents  along  the 
contour  C  [8].  [12]. 

IV,  Scattering  by  a  Con\ ex  Shared  Dielectric 
Cylinder 

Motivated  by  the  straightforward  modal  solution  for  the 
circular  dielectric  cylinder,  the  e  ctromagnetic  scattering 
and  interact1  n  3  by  a  convex  homogeneous  dielectric  cylinder 
is  discussed  in  the  following.  Based  on  the  earlier  discussion 
using  (5b),  the  concept  of  the  analytical  continuation  is 
invoked  [10],  [11]  to  treat  noncircular  convex  geometries. 
The  analytical  continuation  technique  has  been  successfully 
applied  previously  for  scattering  by  noncircular  objects  [10], 
but  the  formulation  required  rigorous  treatment  of  the  analyt¬ 
ical  field  continuation  for  bod.  the  external  region  and  also 
internal  region  of  the  dielectric  scanner.  Instead,  based  on 
the  OSRC  relationship  (3a),  the  analysis  procedure  discussed 
here  requires  analytical  continuation  only  for  the  internal 
region,  and  provides  an  efficient  technique  for  the  case  of 
noncircula.  convex  homogeneous  dielectric  objects. 

Let  us  consider  the  geometry  uf  a  homogeneous  dielectric 
elliptic  cylinder  shown  in  Pig.  2.  The  excitation  is  at  turned 
to  be  a  TM  polarized  plane  wave  in  region  1,  and  is  normally 
incident  on  the  dielectric  scatlerer.  The  analytic  continuation 
procedure  begins  by  determining  the  largest  circle  centered  at 
the  origin  that  can  be  completely  contained  inside  the  scat¬ 
lerer  or  on  its  contour  C  (denoted  by  the  Rm  circle).  Inside 
this  circle,  we  represent  the  electric  field  by  the  following 
primary  modal  expansion 

**('.*)-  £  bJ-'Jn(k2r)e'«  (7) 

where  b„  are  unknown  coefficients.  Since  the  expansion  (7) 
is  not  convergent  everywhere  on  the  surface  of  the  scatlerer, 
it  cannot  be  subsututed  directly  into  the  expression  (3a). 
Instead,  we  define  a  set  of  secondary  field  expansions  each 
with  a  circle  of  convergence  (denoted  as  Rj,  circle)  com¬ 


pletely  contained  in  the  '■bject,  and  on  its  boundary  a  point  on 
contour  C.  If  *be  boundary  C  is  discretized  into  W  points 
wirh  coordinates  defined  by  f,,  where  /  ■  1.  2,  3,-  •  •,  W'. 
then  W  of  tnese  secondary  expansions  are  applied  to  the 
OSRC  relationship  (3s)  at  these  specific  points.  The  origin 
/or  the  IUj  seconder?  expansion  is  chosen  to  be  the  point  fg 
which  will  be  ch>"*sen  to  contain  inside  the  Rm  circle.  It  is 
noted  here  »b«t  for  an  elongated  scattering  object,  it  is  not 
always  possible  to  find  a  point  fg  satisfying  the  above  crite¬ 
ria.  A  solution  to  this  case  will  be  discussed  briefly  later 
based  on  the  use  of  additional  analytic  continuations  [10].  A 
secondary  modal  expansion  is  now  defined  to  represent  the 
axial  electric  field  aside  the  R‘0  circle 

*')  -  £  b‘mj~ mJm{k2 r’) eJm*' .  (8) 

mrn  —  m 

Since  this  expansion  is  valid  at  .  -•  boundary  point  r/(  it  can 
be  used  in  the  OSRC  relationship  (3a)  at  f,.  The  secondary 
field  expansion  (8)  can  now  be  related  to  the  primary  field 
expansion  (7)  using  the  analytic  continuation  theorem  [9]-[l 1] 
which  states  that  if  the  center  of  the  circle  of  convergence  of 
one  expansion  is  contained  inside  the  circle  of  convergence  of 
another  expansion,  then  in  the  region  of  overlap  of  the  two 
circles  of  convergence,  the  two  field  expansions  can  be 
equated.  Hence,  the  field  expansions  (7)  and  (8)  are  equal  in 
some  region  of  overlap  in  the  interior  of  the  dielectric 
scattering  object.  The  exact  location  of  this  region  is  nrt 
important— only  the  fact  that  it  exists.  Thus 

£  bJ-'J'ikjrW  •  £  b'mj~mJm(k2r')ejm* . 

-•  mm  - 

(9a) 

The  addition  theorem  [13]  for  Bessel  functions  of  the  first 
kind  gives 

-  £  A  -  «.( ro)  '  m>*f>  Jm(  V)  *Jm*'  •  (9b) 

m  *  —  m 

Substitution  of  dr  expression  (9b)  into  (9a)  yields 

(9c) 

mm  —  m 

The  expression  (9c)  relates  the  unknown  coefficients  of  the 
/th  secondary  expansion  to  the  unknown  coefficients  of  the 
primary  expansion  and  thus,  allows  one  to  relate  each 
secondary  expansion  to  the  primary  field  expansion.  In  prac¬ 
tical  applications  where  the  electrical  size  of  the  object  will 
be  known,  the  infinite  summation  in  the  above  expansions 
can  be  conveniently  truncated.  The  discussion  on  the  trunca¬ 
tion  indices  is  provided  later  in  this  section.  Truncating  the 
secondary  expansion  (8)  to  some  maximum  index  range  -  M 
Af,  and  substituting  it  into  (3a),  an  equation  is  obtained  in 
the  set  of  bm.  Similarly,  truncating  the  series  (9c)  to  some 
range  -N  to  Af,  and  using  it  in  this  resulting  equation, 
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yields  the  following  set  of  linear  equations: 

jVf  N 

E  E  **>b: 

m* - M  - N 

■  [  k. r’)e^ )  -  B2 £{( f) .  for  f  =  r, ,  F  «  f) . 

(10) 

It  is  noted  that  the  differentiation  in  the  B2  and  B* 
operators  is  with  respect  to  the  unprimed  coordinate  system, 
while  the  expansion  (10)  is  a  function  of  the  primed  coordi¬ 
nates,  so  that  care  is  taken  to  include  the  coordinate  transfor¬ 
mation  when  determining  the  required  derivatives.  The  ex¬ 
pression  (1C)  is  repeated  for  all  the  secondary  expansions 
yielding  a  system  of  W  linear  equations,  where  W  is  the 
number  of  contour  sampling  points.  Selecting  W  to  be  equal 
to  IN  ¥  1,  where  N  is  the  primary  scries  truncation  index, 
results  in  a  completely  determined  set  of  linear  equations  for 
the  primary  expansion  coefficients  b„.  Hence  the  following 
matrix  equation  is  obtained 

iB-F  (11a) 

where 

B,~bH  (lib) 

F^B2El(i)  (lie) 

m  -  -M 

•  (Hd) 

Once  the  unknown  primary  expansion  coefficients  have  been 
determined,  the  expression  (9c)  can  be  utilized  to  obtain  the 
secondary  expansion  coefficients  for  each  t‘Q.  This  gives  the 
required  axial  electric  field  at  each  contour  point  i,  as 

M  N 

Ei(l)  -  E  E 

mrn -M  nm -N 

(12) 

As  mentioned  earlier,  the  electric  field  on  C  obtained  in  (12) 
represents  the  magnetic  surface  current,  and  the  normal 
derivative  of  the  electric  field  on  C  represents  the  corre¬ 
sponding  electric  surface  current  distribution.  Once  the  com¬ 
plete  field  distributions  are  known  at  the  boundary  contour 
C ,  the  ulterior  and  the  exterior  field  distributions  including 
vne  far  field  distributions  can  be  easily  calculated  [l],  (8). 

Returning  to  the  question  of  truncation  indices,  in  order  to 
determine  the  index  at  which  truncation  of  a  field  expansion 
is  permissible,  the  electrical  size  of  the  region  of  validity  of 
the  series  expansion  is  examined.  For  a  given  argument,  the 
Bessel  functions  of  the  first  kind  of  integer  order  decrease 
approximately  for  orders  greater  than  the  argument.  Hence, 
the  Bessel  functions  in  field  expansions  (7)  and  (8)  become 
negligible  for  orders  greater  than  their  maximum  possible 
argument.  Since  the  primary  field  expansion  (7)  is  valid 
inside  the  Rm  circle,  its  truncation  index  is  given  by 

N  m  k2rm  (13a) 


where  rm  is  the  radius  of  the  Rm  circle.  Similarly,  the 
secondary  field  expansion  (8)  is  valid  only  inside  the  circle 
centered  at  ?£,  v  that  its  truncation  index  is  given  by 

M*kt  ir.-fii.  (13b) 

The  limits  stated  in  (13a)  and  (13b)  are  the  minimum  re¬ 
quired,  somewhat  larger  truncation  indices  than  those  above 
are  selected. 

It  has  been  mentioned  previously  that  it  is  not  always 
possible  to  determine  a  suitable  point  for  every  contour 
sampling  point  f(.  This  difficulty  can  be  skirted  by  making 
successive  continuations  of  the  interior  fields.  Since  the  ob¬ 
jective  of  the  analytic  continuation  procedure  is  to  obtain  an 
inside  scattered  field  expansion  valid  on  the  contour  and 
related  to  the  primary  expansion,  one  can  simply  use  more 
than  one  secondary  field  expansion  to  get  from  the  Rm  circle 
to  the  specific  contour  point  of  interest  as  discussed  in  [9]. 
For  such  objects,  the  analysis  follows  in  an  analogous  fash¬ 
ion,  and  a  similar  matrix  equation  (11a)  is  obtained  with  the 
corresponding  modified  coefficient  matrix  elements  given  by 

E  E 

pm  - P  mm  - M 

■  H^J  .  (14) 

The  elaborate  analysis  details  including  discussion  on  the 
evaluation  of  matrix  elements  can  be  found  in  [9J.  Suli  more 
elongated  objects  will  require  more  than  one  of  these  auxil¬ 
iary  continuations,  so  that  the  matrix  element  expression  for 
such  objects  will  contain  additional  summations. 

V.  Numerical  Results 

Based  on  the  analysis  discussed  above  for  the  electromag¬ 
netic  scattering  and  interaction  by  homogeneous  convex  di¬ 
electric  objects,  numerical  results  and  their  validations  for  the 
surface  electric  current  and  magnetic  current  distributions  are 
presented  for  the  case  of  a  circular  dielectric  cylinder  and  an 
elliptic  dielectric  cylinder. 

A.  Homogeneous  Circular  Dielectric  Cylinder 

Fig.  3(a)  show  the  magnitude  and  phase  distribution  of  the 
surface  electric  current  on  s  homogeneous  circular  dielectric 
cylinder  based  on  both  the  OSRC  formulation  and  the  -exact’ 
eigenfunction  series  solution.  These  results  are  obtained  by 
calculating  the  modal  coefficients  of  (6),  and  then  substituting 
the  modal  coefficients  into  the  interior  field  expression  5(b). 
The  diel*cuu  cylinder  has  a  relative  permittivity  of  «,  •  2 
and  a  rel»tive  permeability  of  p,  ■  2.  The  radius  of  the 
circular  cylinder  is  a  -  2.5,  and  the  frequency  of  excitation 
of  the  incident  plane  wave  is  such  that  the  free  space  propaga¬ 
tion  constant  k0  ■  1.  Since  the  surface  electric  current  distri¬ 
bution  is  symmetrical  with  respect  to  the  direction  of  excita¬ 
tion,  only  the  distribution  for  the  range  0  0  to  180  is 

shown  in  the  Fig.  3(a).  For  the  same  circular  dielectric 
cylinder,  Fig.  3(b)  shows  the  magnitude  and  phase  distribu¬ 
tion  of  the  surface  magnetic  currents.  The  OSRC  results 
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Plf.  3.  («)  Mifaitad*  md  ftmm  at  «tocaric  aanm  far  dktoctric  circular 
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of  mapattc  nnw  for  dkkctrk  circular  cyUadar  (*c  •  1,  a  -  2.5. 

«  •  2i0,  x  •  2x$). 


show  good  correspondence  with  the  "enact"  eigenfunction 
aerie*  solution. 

B.  Homogeneous  Elliptic  Dielectric  Cylinder 

The  OSRC  numerical  reault  for  the  elliptic  dielectric  cylin¬ 
der  is  obtained  by  solving  the  matrix  equation  (1  la)  for  the 
various  modal  coefficients  of  (lib),  and  then  the  modal 
coefficients  are  substituted  into  die  interior  field  expression 


(12).  To  effect  such  a  solution,  the  coefficient  matrix  ele¬ 
ments  of  (lid)  are  determined  first.  This  involves  applying 
die  Bf  operator  to  the  /nth  eigenfunction.  Denoting  these 
eigenfunctions  as  G  in  the  unprimed  rectangular  coordinate 
system,  and  F  in  the  primed  cylindrical  coordinate  system, 
we  have 


C( x,  y)  -  F(r',  *')  «  (15a) 

f  -  ((*-  *o)J  +  (15b) 

(15c) 

\  x  -  X0  ] 

In  order  to  consider  arbitrary  cross  sections,  if  A'  and  Y  are 
the  x  and  y  components,  respectively,  of  the  normal  vector 
on  the  elliptic  scatterer,  then  the  normal  and  second  tangen¬ 
tial  derivatives  contained  in  the  £3*  operator  can  be  calcu¬ 
lated  from 


—  «  X  — -  +  Y  — 
bv  bx  by 


’  b J 

+  2- 

b1 

ill] 

2 

(dr) 

bx 1 

2  dx 

bxby 

1*) 

9y2 

d2y  b 
+  d?  Jy 


(fix 
ds 1 


(ioa) 


b  dy  b  t  x 

n  +  (,6b) 


To  calculate  the  derivatives  given  by  (16a)  and  (16b),  all  the 
first-  and  second-order  derivatives  of  G  with  respect  to  x 
and  y  an  calculated  using  the  chain  rule  and  the  coordinate 
transformation  equations  (15b)  and  (15c).  The  resulting  ex¬ 
pressions  are  then  substituted  into  the  Bf  operator  and  the 
matrix  element  expression  (1  Id).  After  inclusion  of  the  terms 
dependent  on  the  scatterer  geometry,  the  coefficient  matrix  is 
then  completely  specified.  The  general  equations  derived 
above  can  be  specialized  to  the  case  of  the  elliptic  dielectric 
cylinder  [9]. 

Fig.  4(a)  shows  the  magnitude  and  phase  distribution  of  the 
surface  electric  current  on  s  homogeneous  dielectric  cylinder 
based  on  the  OSRC  formulation.  The  elliptic  dielectric  cylin¬ 
der  has  a  relative  permittivity  of  e,  «*  2  and  a  relative 
permeability  of  u,  -  1 .  The  semimajor  axis  of  the  elliptic 
cylinder  is  k0a  »  1,  and  the  semiminor  axis  is  k0b  -  0.52. 
The  frequency  of  excitation  of  the  incident  plane  wave  is 
such  that  the  free  space  propagation  constant  k0  •  2t.  Since 
the  surface  electric  current  distribution  is  symmctricaJ  with 
respect  to  the  direction  of  excitation  as  shown  in  the  figure, 
only  the  distribution  for  the  range  $  ■  90  to  270  is  shown  in 
the  Fig.  4<a).  The  OSRC  results  for  the  surface  electric 
current  distribution  is  compared  with  respect  to  the  "exact" 
solution  obtained  based  on  the  coupled  combined  field  inte¬ 
gral  equation  and  method  of  moments  technique  [8].  For  the 
same  elliptic  dielectric  cylinder,  Fig.  4(b)  shows  the  magni¬ 
tude  and  phase  distribution  of  the  surface  magnetic  currents. 
These  results  show  good  correspondence  to  the  combined 
field  integral  equation  solution.  Once  the  surface  electric  and 
magnetic  currents  are  known,  the  fir-field  distribution  can  be 
easily  calculated  [8],  [9]. 
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<b) 


Pi;  (•)  Magnirnda  tad  phase  of  electric  cwna I  for  dielectric  elliptic 
cylinder  (*0  ■  2».  a  •  I/2e,  t>  •  0.32/2e,  •  •  2«0 .  a  ■  >»<,).  (b) 
Magnitude  ud  phiM  of  magnetic  ami  for  dielectric  elliptic  cylinder 
(*o  “  2*.  «  ■  I/2t,  4  •  9.52/2»,  <  •  2<a,  u  •  <*,). 


VI.  Conclusion 

The  recent  new  Analytical  formulation  of  electromagnetic 
wave  scattering  by  perfectly  conducting  two  dimensional 
objects  using  the  on-surface  radiation  boundary  condition 
approach  is  successfully  extended  and  validated  for  the 
of  two  dimensional  homogeneous  convex  dielectric  objects. 


The  classical  scattering  and  penetration  study  of  dielectric 
object  is  generally  based  upon  the  coupled  field  formulation 
with  the  external  and  internal  fields  directly  coupled  together. 
However,  it  is  shown  here  that  substantial  simplification  in 
the  analysis  can  be  obtained  by  applying  the  out-going  radia¬ 
tion  boundary  condition  directly  on  the  surface  of  the  convex 
homogeneous  dielectric  object.  This  approach  decouples  the 
fields  in  the  two  regions  to  yield  explicitly  a  differential 
equation  relationship  between  the  external  incident  field  exci¬ 
tation  and  the  corresponding  field  distribution  in  the  interior 
of  the  dielectric  object.  The  interior  fields  are  obtained  by 
first  solving  the  differential  equation,  using  either  an  analyti¬ 
cal  approach  or  using  a  suitable  numerical  method.  This 
technique  can  ateo  he  applied  to  conducting  geometries  with 
reentrant  features  and  will  be  reported  separately.  Two-di¬ 
mensional  scattering  examples  along  with  validations  are 
reported  showing  the  near  surface  field  distributions  for  a 
homogeneous  circular  dielectric  cylinder  and  an  elliptic  di¬ 
electric  cylinder  with  transverse  magnetic  plane  wave  excita¬ 
tion.  The  formulatioo  and  the  corresponding  results  for  the 
transverse  electric  polarization  can  be  obtained  based  on  the 
electromagnetic  duariity  principle  and  are  not  reported  here. 
The  resulting  surface  electric  and  magnetic  currents  are 
compared  and  found  in  good  agreement  to  those  obtained 
from  the  coupled  combined  field  integral  equation  solution. 
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The  numerical  modeling  of  electromagnetic 
wave  phenomena  can  be  a  compuiaoonally  intensive 
task  To  date,  the  design  and  engineering  of  aerospace 
vehicles  has  been  the  primary  application  driving  the 
development  of  large-scale  methods  m  computational 
electromagnetics  tCEM)  Efforts  in  this  area  have  been 
aimed  primarily  at  minimising  the  radar  cross  secnon 
i  RCS'  of  aerospace  vehicles  RCS  minimisanon  enhances 
the  survivabilitv  of  vehicles  that  are  subjected  to  pre¬ 
cision -taigeted  ordnance  The  physics  of  RCS  is  deter¬ 
mined  by  Maxwell's  equations  and  the  consotutive 
properues  of  a  vehicle  s  materials  As  a  result,  the 
interesting  situanon  arises  in  which  the  effectiveness 
and  cost  of  state-of-the-art  aerospace  systems  in  pan 
depends  on  the  ability  to  develop  an  efficient  engi- 
neenng  understanding  of  120-vear-old  equations  that 
descnbe  the  propaganon  and  scattenng  of  electro¬ 
magnetic  waves 

Two  algorithms  are  of  pnmarv  interest  in 
this  Held  the  robust,  traditional,  full-matnx.  frequencv- 
domam  integral  equation  method  of  moments  (MoM). 
anu  emerging  r.ne-domain.  end-based  direct  solutions 
o:  Maxwell's  curl  equations  Both  types  of  algonthm 
rr.aKe  efficient  use  of  Crav  Research  hardw-are  and 
soitware  capabilities 

Full-matrix  MoM  fH»ld  computation*  at  2  G FLOPS 

In  the  MoM  area,  one  group  of  important 
.cue-  originated  w-uh  the  Rao-Wiiton-Ghsson  triangular 
suruce  patch  techmcue  for  RCS  analysis  of  arbitrarily 
vupeu  mree-dirr.ensionai  conducting  structures 1  Cray 
Resejr.r.  anaivsts  determined  that  the  pnmarv  task 
cere  m.voives  the  solution  of  very  Large,  dense,  complex - 
■■uiut’u  matrices  .  10K  by  10K  and  larger)  that  exceed 
me  available  central  memory  A  strategy  evolved  to 
-icvi-mr  a  conpiex-vaiued  lower-upper  m3tnx  decom- 
r .  r,  program  that  uniices  an  efficient  out-of-memorv 

•  -  tie me  and  is  adaptable  to  multiple  CPU  usage  The 

was  CUT  -  complex  Lower-Upper  Decom- 
:  m.  w;:r.  versions  ueveioned  for  the  CRAY- 2. 

Mi'  a  no  v  RAY  YMF’  computer  svs  terns  This 
r-  rapiur.  cnneu  ropuiantv  among  MoM  users. 

'•  r  Re  sear. m.  scientists  have  provided  assistance 
mermen-  :  me  :V,  .  onmumtv  in  aflapnng  these 
mam.  MoM  oxies 

•  r.j  or  \:r  important  MoM  codes 
*' '  A  -  ~-.an  ■ :  rectangular  surface 

•  1 . .  ’  ■  ■■'::  ar.a.ws  >:  amtranly  shaped 

:-a-  tut  a  strucmres-  Crav  Research 
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analysts  adapted  their  out-of-memory  scheme  for  this 
code  and  subsequently  developed  an  out-of-memory 
solver  suitable  for  simultaneous  solution  of  the  mono- 
stanc  RCS  at  a  large  number  of  illumination  angles 
inght-hand  sides)  In  fact,  the  number  of  nght-hand 
sides  could  be  in  the  thousands,  approximating  the 
order.  S.  of  the  MoM  matrix  Subseauendf.  a  parallel- 
processing  version  of  the  "N‘  nght-hand-sides”  code 
was  developed 

Although  CLUD  works  well,  two  drawbacks 
had  to  be  addressed  for  very  large  problems. 

□  The  input,  output  (I  O'1  for  CLUD  is  either  syn¬ 
chronous  to  disks  or  synchronously  staged  from 
disk  to  Cray  Research's  SSD  solid-state  storage 
device  If  the  matrix  is  scaled  to  fit  entirely  in  an 
SSD.  this  is  not  troublesome  and  near-peak  per¬ 
formance  is  achieved  or.  the  CRAY  X-MP  and 
CRAY  Y-MP  systems  However  a  2CK-$y-2GK 
compiex-valued  MoM  matrix  requires  ar.  800  Mword 
SSD.  which  is  not  currently  available  In  CLUD. 
very  large  problems  of  this  sice  reouire  syn¬ 
chronous  1  0  between  disks  and  SSD.  which 
_  reduces  overall  performance 
_  The  CLUD  algonthm  is  based  or.  a  SAXPY  rvpe 
kernel  that  works  on  individual  columns  This  kernel 
runs  at  peak  performance  on  the  CRAY  X-MP  and 
CRAY  Y-MP  svstems.  but  not  or.  the  CR.AY-2  svs  tern 
because  of  a  high  ratio  of  memory  operations  to 
computanon 

■  ^  _  ■  I  ' 

Because  the  Crav  Research  mathematical 
software  group  had  optimized  the  3LAS- j  ■  Basic 
Linear  Algebra  Subroutines  >  to  run  a:  near-peak  per¬ 
formance  on  all  Crav  Research  computer  svstems.  an 
improved  algonthm  was  developed  that  was  based  on 
these  kernels  A  biock-or.ented  method  was  adapted 
:rom  LA  PACK  to  run  out-of-memorv  by  ieffrev  Brooks  ' 
ot  t_rav  Researcr.-  benchmarking  depar.mer.t  The 
routine  CGE7RF.  made  use  of  two  BLA5-3  kernels. 
CGEMM  .complex  matrix  multiply  '•  and  C7RSM 
complex  triangular  backsoive! 

To  adapt  CGeTRF  to  run  -ut-of-mcmorv. 
the  natnx  is  divided  into  slabs  A  slab  is  a  matrix 
clock  consisting  o:  a  large  number  o;  auiacem  columns  ^ 
o:  me  matrix  The  matr.x  is  decomposed  from  let;  to 
ncr.t.  one  slap  a:  a  time  Computation  works  on  pairs 
A  slabs  To  compute  a  new-  leading  slab  all  r receding 
suns  need  to  re  brought  into  memorv  one  at  a  rime 
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used  in  the  existing  CLUD  code.  However  duee  slab- 
sized  memory  buffers  are  used  in  the  new  code  co 
iflowbrssynduonousl/Q  The  pads!  pivoting  scheme 
used  in  CGETRF  is  preserved  in  (he  new  out-of- 
memory  version. 

A  routine  f«n#d  CMXMA  was  written  to 
take  advantage  of  Golub’s  identity,  which  reduces  the 
muldpUcadon  count  for  complex-number  products. 
CMXMA  converts  complex  matrix  products  to  three 
real  matrix  multiplies  and  several  matrix  additions. 
(This  routine  is  available  as  CGEMMS  in  SQUB  6  0  ) 
The  Stnssen's  real  matrix  multiply  (SGEMMS)  was 
used  to  save  further  on  operations.  SGEMMS  is  a 
Stnssen's  algorithm  extension  to  the  standard  BIAS- 3 
matrix  multiply  routine:  SGEMM.  SGEMMS  was  written 
by  Cray  Research's  mathematical  software  group  and 
is  included  in  version  60  of  Cray  Research's  UNI  COS 


operating  system. 

When  automatically  mulotasked  to  run  on 
all  eight  ptocesaors  on  a  CRAY  Y-MP  system,  die 
new  out-of-memory  code  ran  at  average  computation 
rates  exceeding  2.1  GFLOPS.  Only  1.99  hours  west 
requited  to  process  a  20K-by-20K  matrix.  During  this 
run,  138  Gbytes  of  I/O  were  discharged  to  and  from 
seven  DD-40  disk  drivel  Yet  only  228  seconds  (38  min¬ 
utes)  represented  I/O  wait  time.  In  fact,  90  percent  of 
die  actual  I/O  operations  were  performed  concurrently 
with  the  floadng-pottu  arithmetic  by  virtue  of  the 
asynchronous  I/O  scheme  and  therefore  did  not  con¬ 
tribute  to  the  observed  wait  rime  As  ouartx  rix  increased. 


the  relative  efficiency  of  the  asynchronous  scheme 
improved,  with  the  I/O  concurrency  factor  rising  to 
93  percent  for  a  40K  matrix.  Thus,  the  massive  VO 
associated  with  solving  huge,  dense  compla-valued 
MoM  matrices  could  be  buried  almost  completely. 


Although  the  LU  decomposition  strategy 
described  here  is  highly  dfidem.  the  fundamental 
[  order  (N*)|  computational  burden  of  LUdscomposhlon 
remains  dimensionally  large.  In  fact.  U  is  so  Isk  that 
there  is  virtually  no  prospect  for  using  the  tramrional, 
full-matrix  MoM  to  computationally  model  entire 
aerospace  structures,  such  as  fighter  planes,  at  radar 
frequencies  much  abewe  130  MHz.  Yet  radar  fteq  enries 
of  interest  can  gready  exceed  150  MHz.  dtaabti^  to 
10  GHz  and  higher  Much  tessuh  effort  thewfcie. 
has  been  Invested  in  the  development  of  ataemadve 
iterative  frequency -domain  approaches,  inrtuding 
conjupte  gradient  and  spcctw  methodi.  that  preserve 
the  rigorous  boundary-integral  fonnularion  of  MoM 
while  realizing  dimensfonafly  reduced  (order  (N*)  or 
less)  computational  burdens.  Such  methods  would 
permit,  in  principle  the  modeling  of  entire  aircraft  at 
radar  frequencies  above  1  GHz.  However;  these  alter¬ 
natives  may  not  be  as  robust  as  the  full- mama  MoM, 
Insofar  as  they  may  not  provide  results  of  engineering 
value  for  a  wide  dais  of  structures  without  the  user 
having  to  wonder  if  the  iterative  algorithm  has  converged. 

Problems  Involved  in  applying  frequency- 
domain.  full-matrix  MoM  technology  to  large  scale 
RCS  modeling  have  prompted  much  new  interest  in 
an  alternative  class  of  non-matrix  approaches:  direct 
space-grid,  time-domain  solvers  for  Maxwell's  time- 
dependent  curi  equations.  These  approaches  appear 
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to  be  as  robust  and  accuram  as  MoM.  but  have  dimen- 
sionaOy-reduced  computational  burdens  (approaching 
older  (N)|  such  that  whole- aircraft  modeling  for  RCS 
a  be  considered  in  the  nor  future  Currendy,  the 
primary  approaches  in  this  class  are  the  Brute-difference 
tune-domain  (FD-TD)  and  finite-volume  ome-dontum 
(FV-TD)  techniques*4  These  are  analogous  to  existing 
mesh-based  solutions  of  Quid-So  w  problems  in  that 
the  numerical  model  is  based  upon  a  direct,  tune- 
domain  solution  of  the  aweming  partial  differential 
equation.  Yet.  FD-TD  and  FV-TD  are  very  nontradidorul 
approaches  to  CEM  for  detailed  engineering  applica¬ 
tions,  where  frequency-domain  methods  (primarily 
full-matrix  MoM)  have  dominated. 

FD-TD  and  FV-TD  methods  for  Maxwell's 
equations  are  based  on  volumetric  sampling  of  the 
unimown  near-field  distribution  within  and  surrounding 
the  structure  of  interest  The  sampling  Is  at  sub-wave- 
length  (AJ  resolution  to  avoid  aliasing  of  the  field 
magnitude  and  phase  information  Overall  the  goal 
is  to  provide  a  sdf-consistmi  model  of  the  mutual 
coupling  of  all  the  dectricaSy-sniall  volume  cells  that 
comprise  the  structure  and  its  near  field,  even  if  the 
structure  spans  tens  of  A*  in  three  dimensions  and 
there  arc  tens  of  millions  of  space  cells. 

The  primary  FD-TD  and  FV-TD  algorithms 
used  today  are  fully  explicit,  second -order- accurate 
Bid-based  solvers  that  use  highly  veonrizable  schemes 
for  time-marching  die  six  vector  components  of  the 
electromagnetic  near  field  at  each  of  me  volume  cells. 
The  explicit  nature  of  the  sobers  is  maintained  either 
by  leapfrog  or  predictor-corrector  dme- integration 
schemes.  Present  methods  differ  primarily  in  the  set 
up  of  the  space  grid  (afaaoat-completety  structured  for 
FD-TD.  body-fined  or  unstructured  for  FV-TD)  and 
the  enforcement  of  EM  field  continuity  at  the  interfaces 
of  adjacent  cells  As  a  result,  the  number  of  floating 
point  operations  needed  to  update  a  field  vector  com¬ 
ponent  over  one  time  step  can  vary  by  about  20  to  1 
oum  one  algorithm  to  soothes 

However  the  choice  of  algorithm  Is  not 
smiahtforwird.  despite  this  wide  range  of  computa¬ 
tional  burdens.  There  is  an  important  tradeoff  decision 
to  be  made  Namely,  a  faster  simpler  solver  such  as 
FD-TD  uses  meshes  that  may  not  be  compatible  with 
those  used  In  other  aerospace  engineering  studies. 


1st  As  s  result,  there  is  much  “homework"  to  be  done 
as  researchers  learn  to  pneraae  a  new  class  of  three- 
dlmcnsional  meshes  specific  to  Maxwell's  rail  equations. 
On  die  other  hand,  die  more  complex  FV-TD  solvers 
can  utilize  existing  CFD  mesh  generators,  but  require 
substantially  more  algorithmic  computer  arithmetic 
and  storage.  Both  FD-TD  and  FV-TD  algorithms  are 
highly  vectorized,  having  been  benchmarked  at  over 
200  MFLOPS  on  one  processor  of  a  CRAY  Y-MP  system 
for  real  models.  However  the  attainment  of  even  higher 
MFLOP5  rates  may  be  hampered  bv  the  fact  that  the 
the  space  grids  have  an  unavoidable  number  of  non- 
standard  cells  chat  require  either  scalar  or  odd-lot 
vector  operations.  These  nonstandard  cells  result  from 
the  need  to  program  a  near-field  radiation  condition 
at  die  outermost  grid  boundary  (simulating  the  grid 
continuing  to  infinity),  and  the  need  to  stitch  together 
varying  types  of  meshes  to  accommodate  complex 
structure  stupes.  Despite  this,  it  has  been  found  possible 
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to  achieve  nearly  100  percent  concurrent  utilization 
of  all  eight  processor*  on  a  CRAY  Y-MP  system  using 
Cray  Research's  Autotasking  automatic  multitasking 
software  feature  (or  three-dimensional  FD-TD  and 
FV-TD  codes.  Only  relatively  minor  modifications  were 
requited  to  the  original  single-processor  Fortran  code 


Excellent  validations  of  FD-TD  have  been 
obtained  for  three-dimensfonal  problems  that  involve 
some  of  the  key  electromagnetic  wave  physics  involved 
in  RCS  phenomena:  near  field*  tnooostadc  RCS  pattern, 
and  bistatic  RCS  pattern.  Here,  we  detail  die  results  of 
a  canonical  but  difficult,  bistatic  RC5  pattern  validation. 

Figure  1  shows  the  bistatic  (side-scatter) 

RCS  of  a  pair  of  1-1*  dlanwtrr  conducting  spheres 
separated  by  a  1-4*  air  gap*  The  spheres  ate  uhuninated 
by  a  plane  wave  that  ptopagMti  along  a  line  connecting 
the  centers  of  the  spheres,  and  (he  bistatic  pattern  is 
observed  in  the  plane  of  the  incident  electric  field. 
(Note:  when  4  «  0“.  the  response  is  in  the  hackacaner 
direction;  that  is.  it  is  the  tnonostatic  RCS.)  Hen;  the 
companion  is  between  FD-TD  (usings  mostly  Cartesian, 
partially  unstructured  mesh  to  model  conformally  the 
spheres'  surface  curvatures)  and  an  analytical  approach 
well-suited  for  this  problem,  die  generalised  multi- 
pole  technique  (CMT)*  Agreement  benreen  die  two 
methods  is  excellent  within  *1  dfi  (approximately 
±25  percent)  over  a  wide  42-dB  (16000  to  1)  range 
of  RCS.  This  modeling  accuracy  occurs  despite  some 
tough  electromagnetic  field  phyifci:  the  spheres  Inter¬ 
change  enetjpt  across  the  air  pip  in  a  tightly-coupled 
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electrically  large  three-dimensional  structure  of  engi- 
neering  significance:  a  serpentine  jet  engine  inkt 
(Figae  2).  The  overall  system  design  problem  involved 
sizing  and  shaping  the  engine  inlet  to  meet  specifica¬ 
tions  for  both  aerodynamics  (thrust)  and  monos tanc 
RCS  at  10  GHz.  The  inlet  was  assumed  embedded 
within  a  simple  rectangular  metal  box  coated  with 
commercially  available  radar-absorbing  material  that 
provides  approximately  30  dB  (1000  to  1 )  suppression 
of  electromagnetic  wave  reflections  at  10  GHz.  Thus, 
the  FD-TD  computed  near-field  and  far- field  electro¬ 
magnetic  response  was  primarily  a  function  of  the 
inside  soil  shaping  of  the  inlet  and  not  any  exterior 
embedding 

As  shown  in  Figure  2.  the  incident  wave 
was  assumed  to  propagate  from  right  to  left  and  be 
polarized  with  Us  electric  field  pointing  across  the 
narrow  gap  dimension  (y  direction)  of  the  inlet  In 
this  figure,  the  aperture  of  the  inlet  is  located  at  die 
right  and  the  inlet  is  shotted  by  a  conducting  wall 
that  represents  die  turbine  assembly  at  the  far  left 
With  the  box  dimensions  set  at  30"  x  105"  x  10".  the 
overall  inlet  and  box  target  configuration  spanned 
23  44*  x  809 4*  x  8.474*  at  10  GHz  For  this  target  the 
FD-TD  space  cell  size  was  1/8"  (4^9  43);  and  die 
overall  lattice  had  270  x  122  x  118  cells  that  spanned 
46061^  and  contained  23321520  unknown  vector 
field  components.  Starting  with  zero- field  initial  con¬ 
ditions,  1800  time  steps  were  used  (95.25  cycles  of 
the  incident  wave)  to  march  die  Odd  component*  to 
the  sinusoidal  steady  state  The  computer  running 
time  was  only  3  minutes  and  40  seconds  per  monotone 
RCS  calculation  on  the  CRAY  Y-MP  system  using 
automatic  multiprocessing  across  eignt  processors 
(7.97/8  processor  concurrency),  yielding  an  average 
computation  rate  of  Id  GFLOPS 

In  addition  to  simple  data  for  the  RCS  pattern, 
the  FD-TD  modeling  provided  details  of  the  complex 
near  field.  Figure  3  snows  die  instantaneous  distribution 
tw  ana  neguive  values)  of  the  total  pp  (Ey) 
ic  field  component  in  a  two-dimensional  observa¬ 
tion  plane  that  cuts  througi  the  center  of  the  three- 
dimensional  engine  inlet.  This  photograph  was  derived 
from  a  coIot  videotape  display  of  the  propagating 
electric  ScUpcnetratlng  die  inlet,  generated  directly 
by  die  FD-TD  time -stepping  The  display  waa  taken 
late  tn  the  time -stepping  when  the  field  had  settled 
into  a  repetitive  sinusoidal  oscillation  (standing  wave). 
It  may  be  possible  to  use  such  highly  detailed  near-field 
information  (very  difficult  to  obtain  from  measure¬ 
ments)  to  improve  future  RCS  designs  Comparatively, 
if  MoM  were  applied  to  model  the  same  engine  inlet. 
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propa¬ 
gating  across  global  mesh  distortions  in  the  air-gap 
region.  In  fact,  the  two-sphere  problem  is  s  canonical 
example  of  difficult  three-dimensional  structures  having 
substantial  EM  coupling  between  disjoint  regions 

IfoctrttalhMypt  PIMP  appflation: 

Jst  wglM  info* 

The  multiprocessing  in-memory  FD-TD 
code  was  used  to  model  the  kCS  properties  of  an 
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a  complex-valued  linear  ryatrm  involving  approximately 
430400  equation*  would  have  to  be  set  up  and  solved. 
This  assumes  a  standard  triangular  surface  patching 
implementation  of  the  dearie  field  integral  equation1, 
with  the  1300V  surface  sits  of  the  engine  inlet  di*- 
cretUrd  at  10  divisions  per  V  Urinf  the  2.1-GFLOPS 
out -of- memory  subroutine  Cor  LU  decompodrion 
dlacuaaed  earlkt  the  CRAY  Y-MP  system  running  dmc 
for  this  matrix  would  be  about  16  yean  be  3000  mono- 
static  angles  This  compares  to  only  about  12.7  dm 
br  FD-TD  for  the  same  number  ofmonoacadc  acmes, 
a  speedup  factor  of  73.  Additional  problems  involved 
In  error  accumulation  In  the  UJ  decomposition  and 
reliability  of  the  computer  system  over  the  multiyear 
solution  time  probably  would  combine  to  tender  a 
traditional  MoM  solution  uadesa  br  thia  oatgrt  and 
those  of  similar  or  latger  ekcirical  does.  \Mt  noee  also 
that  MoM  does  not  directly  provide  details  of  the 
penetrating  near-fidd  distribution. 


At  present,  grid-baaed  time-domain  CEM 
models  of  three -dimensional  structures  that  span 
mote  than  3QA.  are  being  developed  br  the  cMu-pto- 
ceaaorCRAY  Y-MP  system.  Wotit  at  thia  time  addieaata 
several  areas: 

□  Automated  mesh  generation 

□  Multiprocessing  out-of-memory  tofnvate 

□  Subcell  models  br  fine-gained  structural  franim 
such  as  coadnro 

□  Highcr-oidcr  aRpxUhnie 

□  Application  to  nontradidonal  CZM  arms,  including 
design  of  ultra-high-speed  dacaook  computer 
drculn  electro-optic  components,  and  alfopdcal 
switches. 

Extrapolating  from  bcnchmarics  with  the 
eight-proctsoor  CRAY  Y-MP  system,  the  next-pnendoa 
CRAY  Y-MP/ 16  system  should  provide  a  steady  10  to 
13  GFIOPS  computation  nae  ior  pid-btaed  time-domain 
CZM  coda  when  using  automatic  multitasking  serosa 
16  processor*.  The  proverbial  "billion-unknown''  CEM 
problem  (a  three-dimensional  computational  volume 
or  about  1 30000 V)  could  be  completed  in  aa  link  aa 
4 o  minutes  per  monostadc  RCS  observation.  Multi¬ 
processing  out-of-memory  software  should  enable  even 
larger  volumes  to  be  modeled  in  their  entirety.  Using 
such  software,  the  era  of  the  "entire  airplane  in  the 
grid"  would  be  opened  for  a  number  of  important 


aerospace  systems  for  radar  frequences  of  1  eo  10  GHz. 
Automated  geometry  generation  arould  permit  GEM 
modelers  to  use  structure  databases  developed  by 
non -electromagnetics  engineers,  leading  to  lower 
design  costs  and  the  possibility  of  innovative  design 
optimizations- 
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ELECTROMAGNETIC  wave  prepapdoa  and  scattering 
intencdooa  with  media  having  time-varying  panuneten 
haa  been  extensively  studied.  However,  moat  published  work 
considers  only  time- varying  permittivity  or  permeability 
HH4J,  and  not  dme-varyiag  conductivity.  Yet.  dme-varyiag 
volumetric  conductivity  resulting  from  a  nuclear  burst,  atmo¬ 
spheric  fluctuations,  or  other  environmental  changes  can 
markedly  affect  wave  propagation.  Further,  time-varying  sur¬ 
face  conductivity  can  affect  the  fields  that  are  radiated  and 
scattered  from  objects.  These  phenomena  can  be  exploited 
for  engineering  benefit  if  appropriate  understanding  could  be 
developed. 

Scattering  problems  involving  madia  with  temporally 
and/or  spatially  varying  permittivity  have  been  analyzed 
using  Mathieu  functions  [1]  and  Floquet  representations  [51, 
t6].  Although  a  general  Floquet  rapreutwarirm  it  possible  for 
a  medium  with  time- varying  conductivity,  the  resulting  re¬ 
cursive  relation  describing  the  modal  u  very 

complicated  and  difficult  to  solve.  Here,  it  is  do  longer 
possible  to  obtain  a  Madden  type  differential  equation,  re¬ 
gardless  of  the  assumed  conductivity  variation. 

la  this  paper,  we  consider  das  scattering  and  propagation 
problem  for  a  material  half-space  whose  conductivity  is  s 
periodic  function  of  than  alone.  The  emphasis  is  on  the 
mathematical  tools  utilised  to  obtain  an  approximate  solution. 


A  physical  interpretation  of  the  final  results  is  also  presented. 
To  verify  our  analytical  results,  comparison  is  made  when¬ 
ever  possible,  against  purely  numerical  results  generated  by  a 
finite-difference  Ham-domain  (FDTD)  method  [7]-  Finally, 
and  to  further  verify  our  results,  the  analysis  is  checked  in 
the  limit  of  constant  conductivity  both  analytically  and  nu¬ 
merically.  The  incident  radiation  is  a  step-modulated  time- 
hannooic  plane  wave  of  frequency  Wj.  To  enable  an  approxi¬ 
mate  mathematical  result,  we  analyze  two  different'cases  and 
limits.  In  Case  1,  the  conductivity  is  given  by  a(t)  »  <j0(l  + 
</(/)),  where  a0  is  a  reference  conductivity,  «  is  the  ampli¬ 
tude  of  the  modulation,  and  /(/)  it  a  periodic  function  of 
time  with  period  <*,.  We  develop  an  asymptotic  approxima¬ 
tion  of  the  fields  in  the  limit  as  «  -*  0  with  e0  and  u,  held 
fixed.  This  results  in  simple  expressions  that  agree  well  with 
FDTD  results. 

In  Cate  2,  the  conductivity  is  given  by  o(t)  *  <r0/[l  + 
«/(/)],  but  now  <  and  w,  are  fixed  while  o0  -»  <*>.  Here,  the 
material  half-space  la  highly  conductive  with  a  substantial 
time  variation.  We  develop  two  asymptotic  schemes  for 
analyzing  this  limit.  To  obtain  the  scattered  field,  we  apply  a 
boundary  layer  analysis  for  the  material  region  close  to  the 
interface.  To  obtain  the  fields  within  the  material,  we  apply 
(with  some  modifications)  a  method  developed  by  Lewis  [8] 
to  study  the  lhort-term  behavior  of  parabolic  equations.  In 
the  present  context,  we  assume  that  the  fields  within  the 
material  are  proportional  to  the  product  of  a  slowly  changing 
amplitude  and  a  rapidly  decaying  exponential.  The  detertni- 
nation  of  the  exponent  and  the  amplitude  parallels  classical 
geometrical  optics  in  as  much  as  a  nonlinear  first-order 
partial  differential  eikonal  equation  determines  the  exponent 
and  a  “transport”  equation  determines  the  We 

obtain  space-time  rays,  which  cany  the  wave  into  the  half- 
space.  This  representation  breaks  down  near  the  interface. 
However,  this  noounifonmty  can  be  removed  by  natrhing 
the  “ray"  solution  to  the  boundary  layer  solution  mentioned 
above  [12]. 

The  remainder  of  the  paper  is  organized  as  follows.  Sec¬ 
tion  D  defines  the  problem  and  introduces  the  dimensionless 
quantities  of  interest.  Section  m  analyzes  Case  1,  the  half- 
space  with  slightly  modulated  conductivity.  Section  IV  pre¬ 
sents  the  two  analyses  for  Case  2  and  determines  the  scat¬ 
tered  field  in  the  large -conductivity  limit.  Section  V  describes 
the  matching  of  the  asymptotic  solutions  of  Case  2.  Finally, 
Section  VI  summarizes  the  various  results  sod  conclusions. 
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Fig.  I.  Plane  wave  incident  on  a  half-space  media  with  a  tune-varying 
conductivity. 


D.  Problem  Detmtion 

A  plane  electromagnetic  wave  traveling  in  the  +x  direc¬ 
tion  is  normally  incident  on  a  material  half-space  with  a 
time-varying  conductivity  o(0  -  o0/(w)  (see  Fig.  1).  The 
partial  differential  equation  describing  the  normalized  wave 
electric  field  in  the  medium,  Q  ■  Et /Eq,  is  given  by 

0„  -  0„  +  ot(0/)„  x>0.  (1) 

where  x  and  t  are  dimensionless  variables  defined  by  x  ■ 
kx',  t  m  k  and  are,  respectively,  the  free  space 
wavenumber  and  the  incident  wave  frequency,  and  where  a 
and  v  are  dimensionless  parameters  defined  by  a  •  cr6 /t0u,. 
*  •  w,  /  w,.  Here,  the  primes  denote  the  dimensioned  quanti¬ 
ties  and  £0  is  the  amplitude  of  the  incident  wave.  Parameter 
a  is  denoted  as  the  material  dissipation  factor. 

We  assume  that  the  total  field  in  free  space,  x  <  0,  is 
given  by 

E  -  E0{U(t  -  x )H{t  -  x  -  x0)  +  U"{x,  /)}?,  (2) 

identifying  H  as  the  Heaviside  step  function,  (/**  -  U{t  - 
x)H{(  -  *  -  x0)  aa  the  incident  field,  and  Um  as  tire  scat¬ 
tered  fieid.  Throughout  this  paper,  we  a 

dependence  of  the  incident  wave, 

U{t-  x)  m  sin(/-*-x0).  (3) 

The  required  continuity  of  the  tangential  E  and  H  fields  at 
the  medium  interface  and  the  form  of  (2)  gives  the  following 
boundary  condition  for  0  at  x  *  0: 

fit /•“(/) 

0,(0,  t)  -  0,(0,  t)  -  2  — m  g(r) .  (4) 

In  addition  to  (4),  0  must  be  an  outgoing  wave  at  x  «  oo  and 
satisfy  the  initial  conditions 

Q(x  >0,0)  -  Q,(x  >0,0)  -  0.  (5) 

These  initial  conditions  are  due  to  the  Heaviside  step  function 
present  in  the  incident  field,  and  imply  that  the  wavefront  is 
•t  x  m  -x#  at  time  t  -  0. 

The  initial  boundary  value  problem  (l)-(5)  has  no  dosed- 
fora  solution  for  any  tune-periodic  conductivity.  We  shall, 
therefore,  develop  asymptotic  approximations  to  the  fields  for 
the  two  separate  cases  described  in  the  introduction,  and 
validate  these  approximations  using  the  purely  numerical 
FDTD  method. 


HI.  Cass  1:  Perturbation  Analysis  for  the 
Low-Amfutude  Conductivity  Variation 

In  this  section,  we  consider  half-space  conductivity  varia¬ 
tions  of  the  form 

o(t)  •  *o0  +  e  *in  (*•/  4-  V-))  (6) 


where  <  «  1  and  ^  is  a  phase  shift.  We  first  assume  that  0  is 
given  inside  the  medium  by  the  regular  perturbation  expan¬ 
sion 

0(x,  i)  *  Q0  +  «0,  +  «2Q2  +  x>  0.  (7) 


Inserting  this  expansion  into  (1),  (4),  and  (S)  and  equating  to 
zero  the  coefficients  of  the  powers  of  «,  we  obtain  an  infinite 
set  of  differential  equations,  boundary  conditions,  and  initial 
data  which  sequentially  determine  the  Q„.  The  zero-order 
problem  is  given  by 

Q(Urx  ■  Ho»  ®^0f»  X  >  0  (8) 

flo.  ~  Qo, -2#(f-x0)cos(/-x0).  x-0  (9) 

Q0  -  00,  -  0.  t  *  0.  (10) 


The  complete  solution  of  this  problem,  can  be  obtained  by 
transform  methods  because  the  conductivity  bias  o0  is  con¬ 
stant.  The  transmit  solution  is  given  by  the  integral 


2a  n  *— "Vy  -  v1 

*  J0  I  +  aV 


(H) 


where  the  interval  [0, 1]  defines  a  branch  cm  in  the  complex 
plane  of  integration.  The  “steady -state"  solution  as  t  -*  »  is 
given  by 

°o  •  77 - 7 - -w?cos(/  +  y,x+f)  (12) 

1(1  -  1r)  +  >/*] 

where  y  -  y,  +  Jy,  ■  \J  j*  -  1  is  the  complex  propagation 
constant.  The  phase  shift  v  is  introduced  by  the  complex 
nature  of  y. 

The  first-order  problem  for  O,  is  given  by 
Otz*  *  0|#»  +  afl„  +  a  sin  r/00,  +  **  cos  r/Q0  (13) 
0w-0„-0,  x-0  (14) 

0,-0lf-0,  /-  0  (15) 

which  now  has  s  forced  term  due  to  00  and  the  presence  of 
the  modulated  conductivity.  Again,  this  problem  can  be 
solved  completely  by  transform  The  steadi-state 

result  can  be  shown  to  be 


0,  -  |  Re  {(*,e7'  +  AeiM)e^’*w 

4  [*2eT' +  **'']**' ""I 

where 


A 


ar 

k,  -  ~ 


[X-+  1)- 

vJ  -  61 


»-  +  1 

li 

I  «“-;(»«*•  i)] 


(16) 

(17) 

(18) 


too 
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and  Re  denotes  the  real  pan  of  a  complex  number.  The  new 
variable  r  is  the  transmission  coefficient  due  to  a  constant 
bias  aQ,  and  is  equal  to  2/[l  +  s/ja  ~  1  )• 

To  find  the  scattered  field,  we  assume  again  a  solution  of 

the  form 

£/“  *  V, o*  +  «(/,“  +  e2Uf  +  ' "  (21) 

From  the  continuity  of  the  field  at  the  boundary  and  the  fact 
that  each  U?  term  satisfies  a  homogeneous  wave  equation  in 
free  apace,  the  zero-order  steady-state  scattered  field  can  be 
shown  to  be 

t/*  -  Repe*'**’  (22) 

where  p  is  the  reflection  coefficient  due  to  the  constant  bias 

<r0. 


The  first-order  steady-stale  scattered  field  can  be  shown  to 
equal 

Cf,*  «  ^  Re  {[At,  + 

+  (24) 

where  A:,.  A,  k Jf  B  are  defined  above. 

We  now  compare  the  total  scattered  field  amplitude  ob¬ 
tained  (to  order  «*)  from  (21)-(24)  to  purely  numerical 
results  obtained  using  FDTD.  Fig.  2  shows  the  variation  of 
the  scattered-field  amplitude  at  the  illumination  frequency 
versus  the  initial  phaae  shift  (*)  between  the  incident  wave 
and  the  time-varying  conductivity  tor  c9  -  1.  «  »  0.2,  and 
r  m  2  and  3.  The  first-order  approximation  is  seen  to  agree 
very  well  with  the  FDTD  recuha.  We  also  see  that  for  r  ■  2. 
i.e.,  w,  •  2«,,  them  exists  an  arnpUmrie  dependence  on  the 
initial  phase  shift  (The  same  behavior  will  also  be  observed 
in  Section  IV  with  the  asymptotic  result.)  For  r  •  3  and 
other  values  of  r  ’#  2  (not  shown  berei,  there  is  no  amplitude 
dependence  on  phaae  shift.  This  is  found  to  be  true  even  for 
values  quite  close  to  2,  as  for  example  r  -  2.1.  This  strongly 
an  interference  effect  that  occurs  only  for  conductiv¬ 
ity  variations  at  twice  the  incident  frequency.  Such  an  effect 
u  ,  ■  2  is  plausible  since  the  scattered  field  at  the  boundary 
involve  a  zero-order  term  like  coa(r  +  and  a  first-order 
term  like  cos  ((r  -  l)f).  For  r  ■  2  these  two  terms  can  then 
add  up  to  remit  in  a  reflected  field  mipHnwf*  at  the  illumina¬ 
tion  frequency  that  varies  with  the  phase  ^  and  is  2» 
periodic. 


7-0.2sin(vtf*) 


Phase  shift  number.  N 


*-2(2nN/lOO) 

Fig  2.  Reflected  field  empUtude  tt  the  Uluminenon  frequency  vertu*  the 
ptMM  xtuft  4  u  obtained  both  by  FDTD  and  the  Ant-order  penuibe- 
boe  analysis. 

IV.  Case  2:  Boundary  Layer  Analysis  for  the 
TtME-VARlABLR  HlOHLY  CONDUCTINO  HaLF-SFACE 

In  this  section,  we  consider  half-space  conductivity  varia¬ 
tions  of  the  form  o(t)  ■  o0/l  -f  esin(F/  -F  in  the  limit 
of  large  conductivity;  i.e,.  o0-<»  with  »  a,xl  e  fixed.  If  we 
wish  only  to  determine  the  scattered  field,  the  required 
information  can  be  obtained  by  analysis  of  the  structure  of 
the  half-space  field  within  the  first  few  skin  depths.  In  terms 
of  the  Aiwismeinsiisian  distance  x,  this  corresponds  to  x  » 
\/ s/a  .  The  analysis  of  this  “boundary-layer”  is  carried  out 
in  Section  IV-A. 

If,  on  the  other  hand,  we  require  detailed  knowledge  of  the 
field  penetrating  the  time  varying  conductor,  a  different  type 
of  field  expansion  is  needed.  In  Section  1V-B,  an  asymptotic 
approximation  is  constructed  which  is  strictly  valid  for  x  > 
1/i/a  and  t>  1/a.  This  approximation  becomes  invalid 
near  x  »  0  for  all  time,  where  the  boundary  layer  expansion 
of  Section  IV-A  becomes  valid.  However,  both  representa¬ 
tions  are  valid  in  a  small  region,  and  this  permits  the  expan¬ 
sions  to  be  matched. 

Finally,  we  observe  that  both  field  expansions  become 
invalid  near  x  -  /  »  0.  In  Section  V,  we  will  perform  a 
local  analysis  and  show  that  it  matches  into  the  other  repre¬ 
sentations. 

A.  Th €  Boundary  Layer  Sear  x  -  0 

We  begin  by  introducing  the  stretched  (or  boundary  layer) 
variable  2  -  Vax  (which  we  take  to  be  of  order  unity)  into 
(1)  and  (4).  We  obtain 

Q„-  (Of),  *  -0„,  *>°  (25) 

a 

0,  -  Va-fl,  •  g(f),  atJf-0.  (26) 

For  large  a,  we  assume  that  0  has  the  asymptotic  representa¬ 
tion 

Q-  if  -Ar<U*.0-  (27) 

/ft  m  l  V  Ot 
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Substituting  this  sniatz  in  (25)  and  (26)  and  equating  to  zero 
the  coefficients  of  the  powers  of  Va .  we  obtain  an  infinite 
set  of  boundary  value  problems  which  sequentially  determine 
die  Q„.  Since  we  are  only  interested  in  a  leading-order  term, 
we  restrict  our  attention  to  Qt.  It  satisfies 


0,*t  — 

(0,/). 

(28) 

0,1- 

*(0 

(29) 

Qi(x,0)  * 

o 

1 

o 

•H 

a 

(30) 

where  (30)  follows  from  (5)  and  (27).  By  performing  the 
following  change  of  variables 

0,(2.  0/(0  -  ^.(2,0 
n  dt 

(31) 

i  - 

we  transform  (28)  -(30)  to 

'o  /( 0 

(32) 

V\ i*  “  ^it  • 

x  >  0,  {  >  0 

(33) 

^I !-*(*). 

f  -  o,  i  >  o 

(34) 

vx  -0, 

at  {  »  0 

(35) 

where  h({)  ■  g(f({ ))/(r({))  *od  /({)»*  given  by  the  in¬ 
verse  of  (32).  This  is  a  diffusion  equation  and  we  have 
accordingly  only  prescribed  one  homogeneous  piece  of  initial 
data,  (35).  The  solution  to  (33)  can  not  satisfy  the  second 
condition  in  (30),  namely  at  ^  •  0.  This  gives  rise 

to  a  non  uniformity  in  (27)  which  we  resolve  in  Section  V.  It 
is  therefore  seen  that  for  large  a  the  equation  takes  the  form 
of  a  diffusion  equation.  This  is  in  accordance  with  the  general 
approach  to  solve  Maxwell's  equations  with  large  a.  Here 
the  displacement  current  is  neglected  with  respect  to  the 
conduction  current.  This  leads  to  a  diffusion  equation  in 
electric  field.  The  ambiguity  as  to  how  can  we  match  a 
propagating  wave  solution  in  region  I  to  a  diffusing  (nonpros 
agtting)  wave  solution  in  region  II  will  become  clear  later. 
As  mentioned  in  the  beginning  of  Section  IV  this  solution  is 
valid  only  in  a  region  of  order  1/a  and  breaks  down  at 
x  ■  t  •  0. 

The  solution  of  (33)  is  readily  found  by  transform  or 
Green's  Auction  techniques  [9] 


and  is  needed  to  determine  the  scattered  field.  Its  evaluation 
can  be  dooe,  in  principle,  by  numerical  quadrature.  How¬ 
ever,  if  v  is  an  integer,  or  the  reciprocal  of  an  integer  (so  that 
w,  and  w,  are  harmonically  related  frequencies),  we  can 
proceed  further  with  our  analysis.  In  this  case  h({)  is  a 
periodic  function  of  (  and  can  be  written  as 

•  2w»f 

M*0  -  H  c„e'—  (39) 

where  the  coefficients  c„  are  defined  by 
2  r  r 

c,--/  W 

f  ■'o 

The  parameter  {  is  a  period  of  By  introducing  t  as  the 
variable  of  integration  via  (32),  (40)  becomes 

2  (T  2  »«{</) 

c«m~  co*{t)e'J  t~~  dt  (41) 

•  ->o 

where  T  is  the  period  of  h  as  a  function  of  /. 

We  now  introduce  (39)  iiUo  (38)  and  interchange  the  order 
of  integration  and  summation.  We  obtain  after  a  change  of 
variables  in  the  integral 

<«> 

where  F  is  the  Fresnel  integral  defined  here  by 

F(j)«  j^e-^dp.  (43) 

-'o 

Since  the  conductivity  function  /(r)  is  positive,  £(/)  roono- 
tonically  increases  with  r,  a  fact  that  we  have  taken  implicitly 
in  the  statement  of  (33).  Thus,  as  t  —  <*>  we  have  {  -*  oo. 
Now,  in  this  limit,  (42)  simplifies  to 


W.t) 


1 1 

e~  m-n  df. 


(36) 


When  X  >  1 ,  so  that  we  are  beginning  to  penetrate  several 
skin  depths  into  the  material,  (36)  reduces  to 


12 

(37) 


as  we  can  show  by  integrating  (36)  by  pans.  Thus,  for  a  fixed 
(  (and  hence  { ),  the  field  decays  as  t  Gaussian  distribution. 
The  value  of  VK  at  X  ■  0  is  giveo  by 


M<M) 


(38) 


It  should  be  noted  here  that  at  x  »  0  aod  /  —  »  the  solution 
form  for  K,  given  by  (44)  is  oscillating  in  time.  This 
oscillation  is  necessary  to  match  the  propagating  solution  to 
the  diffusive  equation  at  the  boundary  x  •  0  between  the  two 
regions.  Finally,  we  combine  (44),  (27),  (28),  and  (2)  with 
the  fact  that  E  is  continuous  at  x  *  X  *  0  to  obtain 

f/«(0,t)  -  -«inf+  -jL  +0(l/a)  (46) 

where  O(l/o)  denotes  the  remaining  terms  in  (27).  Since  the 
scattered  field  satisfies  the  wave  equation  for  x  <  0,  it  must 
be  a  function  of  the  argument  x  +  f.  Thus,  the  scattered  field 
is  given  for  large  time  and  for  x  <  0  by  (46)  with  I  replaced 
by  (f  +  *). 
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j/( 1  ♦0.6ain(2t+*)) 


♦  -2(2flN/100) 

Pig.  3.  lUflud  Said  sapUatde  M  lllnnilnwioii  frequency  venui  uutul 
p(MM  Nuft  i  u  ntXAianrl  both  tsympsodcttty  aad  by  FOTD  for  »  >  2. 
«o  •  1,  md  a  •  54. 


0.90 
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u 


>2- 0.85 


1 

l*-  0.80 


o(t)«3/( 1  +0.6*in(3t  ■+•♦)) 


a«*54.  a .  —3 


o  Analytical  valuot 
♦  Numerical  values 

imttmsutittttt 


~l  -I'-fH  '  I  I- 1  7'T'T71  r  T  T  I" 

10  20  30 
Phoie  shift  number.  N 


*»3(2nN/100) 

Fig.  4.  Raflsc»d  Said  anapitoda  m  Olaaiaattsa  fragesecy  venu  iatdal 
pbaaa  aa  obtsfaMd  Lott  wynpukaUy  aed  by  FDTt>  for  »  ■  3,  <j0  «  3,  aad 
a  m  $4. 


To  illustrate  bow  those  results  can  be  applied  to  a  specific 
problem,  we  shall  consider  the  special  case  where 


/(') 


_ 1 _ 

1  -f  a  sin  (/Sr  + 


(47) 


For  this  particular  choice  of  /(/),  the  variable  {  defined  in 
(32)  is  given  explicitly  by 

I  -  t  +  j(cce*  -  co»(0t  +  *)).  (48) 


This  can  be  inserted  into  (41)  to  determine  the  c„.  The 
integrals  are  reminiscent  of  Bessel  functions  and  can  be 
numerically  integrated.  Combining  tbeee  results  with  (44)  we 
can  deduce  the  surface  value  of  the  scattered  field. 

Figs.  3  and  4  show  the  results  obtained  by  both  FDTD  and 
the  above  analysis  with  <  •  0.6  and  r  -  2  and  3.  The 
Fourier  series  summation  given  by  (44)  waa  computed  nu* 


"7(0*  'A '  +0  2s>n(2H-2n/5,)) 
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FDTD  for  i  *  2.  «q  «  l,  aad  a  ■  18. 
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Fig.  6.  befleewd  Add  speeaum  u  abound  both  uymptoOcally  sad  by 
FDTD  for  »  ■  O  S.  •  3.  aad  a  ■>  54. 


mericaUy  by  taking  up  to  50  terms.  The  coefficients  c„  are 
computed  from  integrating  (41)  using  Simpson’s  rule.  We 
observe  again  from  Fig.  4  the  interference  effect  occurring  at 
only  9  -  2. 

Figs.  5  and  6  compare  the  scattered  field  spectrum  side- 
bands  as  obtained  by  FDTD  and  the  above  analysis  for  two 
different  values  of  r  and  a.  Here,  the  field  magnitude  is 
given  in  percentage.  As  a  increases,  the  correspondence 
between  both  results  improves.  This  is  to  be  expected  for  an 
asymptotic  large-a  solution. 

Tables  1-ID  list  the  amplitude  of  the  scattered  field  spec¬ 
trum  sidebands  for  fixed  values  of  a  •  54,  »  •  1 ,  and  three 
different  values  of  amplitude  modulations  t  «  0.2, 0  6, 0  8 
Id  all  cases,  s  good  agreement  it  shown  between  the  analyti¬ 
cal  aad  FDTD  numerical  results.  The  degree  of  agreement  is 
seen  to  be  independent  of  the  choice  of  t. 

B.  Dttptr  Ptnttration  into  th r  Tim*-  Vanabi*  Half-Space 

Fig.  7  is  s  schematic  diagram  of  the  different  boundary 
layers  present  in  space-time  coordinates  for  our  problem.  In 
the  previous  section,  we  solved  for  the  field  in  t  thin  layer 
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Pig.  7.  Bouedary-leyen  in  t  madia  with  a  tune-varying  conductivity.  A: 
Diffuaioe  soiutkm,  B:  oaciUating  solution,  C:  propagating  solution.  D:  large 
panmetar  solution. 


TABLE  1 

Fotnua*  Comnonint*  or  rue  Ranjcrto  Signal  rot  «  •  0.8,  oc  -  3.  a  «  54 
and  r  *  1  as  OrtAixnc  Analytically  and  Numbucallv 


Frequency 

Analytical  Value 

PDTD  Value 

“/ 

84.772 

84.7 17 

♦  Iw, 

6  8494 

7  8026 

“/  ♦ 

0.9818 

0.9974 

u,  ♦  3«, 

0.2184 

6.2232 

u,  *  4w, 

0  0365 

0  0626 

u,  ♦  5w, 

00162 

0.0196 

_ _ 

0  0062 

00074 

TABLE  0 

Fovam  ConroKiKn  or  tmi  Rdlactid  Sional  rot  <  ■  0.6.  e0  «  3.  a  ■  54 
and  r  •  1  as  Ootainid  Analytically  and  Numbucallv 


Frequency 

Analytical  Value 

FDTD  Value 

«< 

83.951 

83.923 

u>,  ♦  In, 

4.2760 

5.2934 

n,  ♦  2n, 

0.4478 

0.4397 

«,  ♦  3w, 

0.0687 

0.0668 

n,  +  4n, 

0.0123 

0.0126 

«(  +  5«, 

0.0257 

0.0874 

TABLE  ID 

Foe  aid  CoMroNvm  or  tiu  Rvtnciw  Signal  ns  <  •  0.2,  *0  ■  3,  a  ■  54 
and  r  •  1  as  Orr AMD  Analytically  and  Numbucallv 


frequency 

Analytical  Value 

FDTD  Value 

82.961 

83.116 

♦  *«« 

1  2882 

1.6106 

u>,  *  2  m, 

0.0421 

0.0401 

u,  *■  3w, 

0.0197 

0.0191 

w,  +  4«, 

0.0002 

0.0001 

around  jc  •  0.  This  is  represented  in  Fig.  7  by  the  region 
labeled  as  A .  Here  the  form  of  aolutk  i  is  diffusive.  En¬ 
closed  in  region  A  it  the  towdary  region,  labeled  B,  where 
the  solution  is  oscillating  in  time.  Still,  both  regions  A  and  B 
do  not  result  in  a  propagating  solution.  But,  a  propagating 
solution  in  the  conductive  region  is  seen  to  originate  from 
region  C  next  to  the  apace  time  origin  where  the  solution 


form  in  regions  A  and  B  are  not  valid.  In  this  section,  we 
shall  seek  a  solution  for  the  fields  in  region  D,  away  from  the 
thin  layer,  where  x  >  0.  Later,  in  Section  V.  we  will  match 
the  solution  forms  in  regions  C  and  D. 

To  obtain  an  accurate  approximation  of  the  exponentially 
small  fields  in  this  region,  we  employ  an  analysis  similar  to 
that  found  in  geometrical  optics.  We  assume  tlvit  th.  field  is 
of  the  form 


n  *  •'>! 


A( x,  t)  +  O 


(49) 


As  o  -*  oo.  This  representation  is  formally  valid  exc-*pt  in 
boundary  layers  and  near  caustics,  if  they  exist.  We  note  here 
the  similarity  with  a  ray  analysis  or  high-frequency  method, 
where  instead  of  the  wavenumber  k,  we  now  have  a. 

Substituting  (49)  into  (1)  and  equating  coefficients  of  like 
powers  of  a,  we  obtain  to  two  orders  in  a 


il  -  if  +  *,/  -  o  (30) 

2AX*,  + A*„-2A,*,  +  A*„-  {A/),  -0  (51) 


which  are  the  analogs  of  the  eikonal  and  transport  equations 
respectively.  Equation  (30)  is  a  nonlinear  first-order  partial 
differential  equation,  -  ith  a  time-varying  coefficient  which 
can  be  solved  by  the  method  of  characteristics  (10),  (11). 
Accordingly  we  begin  by  defining  the  following  variables: 

P  -  -*»(*’.  0  (52) 

H(p,q,f)  •  p1  -  q*  +  qf  •  0.  (53) 


We  now  introduce  a  family  of  curves  called  characteristics 
(the  analogs  o'  -ays)  which  are  everywhere  orthogonal  to  the 
surface  defined  by  H  -  constant.  Denoting  by  r  the  parame¬ 
ter  which  parameterizes  a  curve,  i.e.,  x  •  x(r')  and  t  -  t(r), 
the  orthogonality  condition  leads  to 


dx  dH 
dr  dp  * 

M) 

dt  dH 

-  s  m  f  —  2 q. 

dr  dq  J  H 

(35) 

From  these  equations  we  obtain 

d+ 

(56) 

It  can  also  be  shown  that  (10),  (11) 

o 

a 

•&I-S 

(57) 

dq  dH 

. -tf,. 

(58) 

because  //  does  not  depend  explicitly  upon  i. 

The  data  needed  to  solve  the  initial-value  problem  (54)-(56) 
requires  knowledge  of  x,  q,  p  and  along  a  curve  which  is 
not  a  characteristic,  in  the  x  -  t  plane.  For  the  given 
problem,  the  curve  degenerates  into  a  point,  the  origin,  as 
this  is  the  “source"  of  the  field  (see  Section  V).  The 
characteristics  emanating  from  the  origin  are  labeled  by 
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p{ 0)  t>  pQI  u  p  remain*  •  constant  by  (37)  aloof  each 
cune.  The  valuta  of  x(0)  aod  r(0)  are  both  mo  and  q( 0)  i* 
determined  from  (S3).  U  we  write 


Po 


/(0) 


sinfa  9 


(59) 


tkaa  «(0)  is  given  by  (33)  as 
9(0)  -  9s  - 


costa  9 
±  siah# 


(60; 


By  introducing  r  and  8  as  ocw  independent  variables  in 
(51).  we  find  that  A  satisfies 


*-+[&* 

(64) 

where  /  is  the  Jacobian  given  by 

*th  -  x,tf. 

(65) 

The  solution  of  (64)  is 

,  C(0)  r/. 

*(r)  "  —JT  *  h  *  • 

(66) 

We  observe  that  (he  Jacobian  vanishes  at  the  origin,  so  that 
(49)  is  invalid  these.  Tim  local  analysis  required  to  remove 
this  oonunifotmity  is  presented  in  the  next  section.  The 
constant  C(9)  will  be  computed  there. 


V.  Matcwno  or  na  Asymptotic  and  Boundary 
La  Yia  Solutions 

We  shall  first  illustrate  bow  the  results  obtained  in  the 
previous  section  ire  applied  by  considering  the  case  of  t 
fixed  half-space  conductivity  a0.  Under  such  circumstances, 
it  is  found  that 


2(r»  -  x2) 

t 


i(x.t)m  .|(v?rr?-o. 


(67) 

(68) 


Finally,  the  value  of  6(0)  is  unknown  r<  this  stags  tad  will 
be  determined  in  S  action  V.  Solving  the  equation  H  -  0  for 
9.  inserting  this  npemuoa  into  (55)  and  noting  (Lai  p  -  p0 
we  obtain 


Comeiaing  (55).  (59).  (61)  aod  the  fad  that  p  -  p0,  we  find 
thst  x  is  given  by 


x{t)  -  /((’)  sinh  9  +/S(0)|labig 


(62) 


where  9  la  now  the  new  label  of  a  ray.  We  now  have  a 
formula  for  the  ch— mrirtca  (or  rays)  in  the  space  tune 
ci  ordinate*  givee  by  th*  baagrel  solution  for  x{t). 

rg.  g  shows  Meant  chenonristics  for  diffaieat  vtlraa  of 
9  where  a  •  /(0)s itafi  (#).  Therefore  each  variable  a  la  Fig. 
I  represents  a  particular  aegis  #  referred  to  as  firing  angle. 
All  the  curve*  are  confined  to  the  region  t  >  x,  showing  that 
tbs  solution  is  causal.  For  vertically  launched  rays  (9  -  0), 
the  modulation  is  lass  apparent  and  the  ray  acts  more  like  s 
straight  line  Moreover,  fills  region  is  devoid  of  any  geomet* 
f*'  singularity  such  as  caustics  (beading  rays)  or  foci  (inter* 
setting  rays).  Finally,  we  observe  that  (36)  can  be  integrated 
in  principle  to  determine  the  phase,  yielding 


This  leads  to 


0(*,0 


CV? 


vty'1  -  **) 


The  liar  x  -  /  defines  a  caustic,  or  mors  precisely,  the 
boundary  of  the  Fresoel  region  that  separate*  th*  "lit" 
region  Born  the  ‘shadow"  tegioo.  The  solution  given  by 
(69)  reduce*  to  the  diAuion  solution  obtained  earlier,  as  we 
approach  the  thin  boundary  layer  strip  at  x  •  0.  A  matching 
of  the  result*  of  (36)  and  (69)  lands  to 


C« 


This  matching  procedure  Is  based  jo  the  assumption  chat  the 
regions  where  (36)  and  (69)  an  valid  overlap.  Matching  it 
performed  by  comparing  the  asymptotic  expansion  of  (69)  as 
x  -  0  with  foe  solution  of  (36)  as  f  -•  «*  It  is  noted  that  C 
la  •  function  of  x/i.  This  Is  an  expected  result  because  for 
small  x,  p0»x90flt  to  C(p0)  becomes  C(x/t),  The 
field  dsf-riptioo  around  the  origin  can  be  found  with  the 
change  o<  variables  x  -  ax  ud  t  -  at.  By  retaining  terms 
of  other  a1,  we  obtain 


O„-O„  +  e0°r  (71) 


6-6(0)-  l f  q(t') /((("'))  dr' . 


(63) 


Using  the  Laplace  transform  and  a  contour  Integral  around 
the  branch  arts,  it  can  be  shown  that  tbs  steady -tuts  response 
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is  given  by 


-Im 


2 


y/at1* 

At  *  •  0  the  above  equation  can  ba  written  aa 

0(0,  /)  •  iia 


(72) 


(73) 


THU  corresponds  exactly  to  tba  sotudoo  that  would  ba  ob- 
taiaed  by  using  (44)  aad  (46)  with  •  fixed  conductivity  To 
have  ao  idea  oo  the  ruga  of  a  satisfy  lag  the  definition  of 
Urge"  tba  reflected  field  magnitude  la  calculated  uiiag  the 
asymptotic  solution  (46)  for  Axed  conductivity  aad  rewritten 


um{  o.O-  •la  t  -f  coe  t.  (74) 


The  amplitude  of  the  reflected  field  it  defined  u  tba  square 
root  of  tba  turn  of  (ba  square  coefficients  multiplying  the  sin 
aad  coe  terms.  THia  latter  la  compared  against  tba  exact 
formula  of  tba  reflection  coe  Select  given  ea 


p 


i-  v7T=T 


(75) 


o*0.5 


t*>(25+N)flt 

Fig.  10.  TnasiMi  raepooM  ia  to  reflected  laid  froa  t  material  with  e 

Results  are  plotted  ia  Fig.  9.  The  transient  response  is  given 
by  the  intepal 

a  n  e~m" 

Tm  ~2*  J0  TTTT? 

(-vsin  (ofljr)  +  flcce(aflx)]  dv  (76) 

where  fi  ■  >/v  •  v* .  Equation  (76)  reduces  to  (11)  for 
x  »  0.  This  integral  can  bo  evaluated  numerically  and  com¬ 
pared  against  tba  PDTD  results.  Such  a  comparison  for 
x  m  o  la  shown  ia  Fig.  10.  For  a  fixed  £  aad  r,  it  can  be 
shown  tba  results  gives  by  (72)  aad  (76)  reduce  to  the  result 
derived  from  (36)  is  a  -*  a».  It  cas  also  ba  shown  that  by 
Axlag  (x,  t)  aad  letting  a  -*  •*,  tbsae  results  converge  to  the 
geometrical  optics  result  given  by  (69).  Tba  resulting  expres¬ 
sion  for  C  obtained  by  matching  both  results  along  a  ray 
defined  by  /  »  mx,  where  m  ia  large,  reducea  to  the  aame 
expmsioo  for  C  defined  In  (70). 

It  baa  been  shown  the  reaulta  obtained  ao  far  am  valid  for 
tba  conataatKOoducdvity  case.  We  shall  now  reconsider  the 
case  of  e  time-varying  conductivity.  The  results  describing 
our  amplitude  aad  phase  frtacdons  an,  ia  general,  impossible 
to  solve  exactly  because  of  (be  difficulty  ia  solving  for  r  and 
p0  ia  terms  of  x  aad  /.  However,  we  can  consider  limiting 
cases.  Our  latsraei  is  ia  finding  e  solution  ia  the  narrow  strip 
next  to  the  boundary.  As  p0  —  0  it  cea  be  shown  that 


where  again 


*(4) 


>*(!)- 


X* 

"  4? 

(77) 

C(Po) 

(71) 

7H7U) 

•  dr 

W)' 

(79) 

A169 


OIE  TRANSACTION*  ON  ANTCNNA3  AND  PROPAGATION.  VOL  M  NO  7.  fULY  19*1 


tOS 


C{Po) 

7iTm'  “ 


Therefore, 

0(*.<) 

A  matching  of  (80)  with  (36)  leads  to 

As/2  ,  /I)1 

c{Pt)m  "^v7a(0)(x) 


(80) 


(81) 


which  is  similar  in  form  to  (70).  The  nest  limiting  case  is 
when  r  —  0.  This  case  leads  to  results  similar  to  the  fixed* 
conductivity  case,  where  e0  in  (69)  is  replaced  by  /( 0),  and 
where  /(f)  behaves  like  /( 0)  next  to  the  origin  where  /  -  0. 

VI.  Summary  and  Conclusion 
We  have  presented  in  this  paper  a  detailed  analysis  of 
electromagnetic  wave  interactions  with  a  material  half-spec* 
having  tune-varying  conductivity.  At  each  stage,  the  results 
were  verified  by  considering  limiting  cases.  We  also  per* 
formed  a  matching  of  the  different  solution  regions.  Three 
different  analysis  methods  were  utilized:  a  simple  first-order 
regular  perturbation  method;  e  Large- parameter  asymptotic 
analysis;  and  a  largc-panmeser  analysis  similar  to  geometri¬ 
cal  optics.  A  purely  numerical  FDTD  code  wee  used  to 
obtain  comparative  results.  Numerical  and  analytical  results 
for  the  two  types  of  conductivity  venations  considered  were 
(bund  to  be  in  good  agreement. 

Our  results  indicate  the  presence  of  sidebands  In  die  scat¬ 
tered  field  spectrum  and  an  interference  affect  occurring 
when  the  material  conductivity  varies  et  twice  the  illuminat¬ 
ing  frequency.  The  characteristics  inside  die  half-space  ere 
modulated  as  they  propagate  inside  the  material,  and  are  seen 
to  emanate  from  the  origin  in  the  x  -  /  coordinate  system. 
No  intersection  of  rays  (focusing  effect)  is  detected.  With  the 
introduction  of  boundary  layers,  it  becomes  clear  how  the 
propagating  and  noopropagatlng  dissipative  solutions  are  gen¬ 
erated  Inside  a  conductive  material. 

Finally,  the  FDTD  method  has  been  shown  to  provide  in  a 
straightforward  manner  numerical  predictions  for  scattering 
by  die  time-varying  half-space  that  cloaely  agree  with  the 
data  obtained  from  the  detailed  analysis  We  note  that  the 
FDTD  model  is  restricted  to  the  lUwMag  cases  of  material 
conductivity  variation  required  to  make  the  dtsallfd  analysis 
tractable.  Therefor*,  extension  of  the  FDTD  numerical  model 
of  time-varying  madia  to  two  dhneasioos  appears  to  be 
feasible.  This  would  permit  simulation  of  compact  malarial 
targets  having  tiauHraryutg  volumetric  or  surface  constitutive 
parameters  gensrsring  unusual  electromagnetic  phenomena, 
b  may  be  possible  to  exploit  them  phenomena  for  engineer¬ 
ing  to  achieve  real-time  control  of  target  radiation  and  mat¬ 
uring  properties. 
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Abstract— The  application  of  the  tmts-dJfftreacs  tinw-do- 
nala  (FDTD)  method  to  vartoas  radiating  xrvclam  is  consid¬ 
ered.  Tkw  (tractates  iac M  two-  and  three -diawaaioaaJ  ••»*- 
guides.  Hared  boras,  a  twe-dimrasioaai  parabolic  reflector,  tad 
a  two-dimeasioaai  bypertbormis  application.  Namsrical  retaiu 
tor  the  boras,  waveguides,  aad  parabolic  redactors  are  com¬ 
pared  Htb  results  fro*  awtbod  of  tstomaou  (MM).  Tbe  rtsuJo 
(or  the  hyperthermia  applicative  are  shown  as  « tensions  ol  the 
previously  validated  models.  This  new  application  of  the  FDTD 
method  Is  showa  to  be  useful  when  other  aemertcaJ  or  analytic 
methods  caaaot  be  applied. 


I.  Introduction 

THIS  paper  will  attempt  to  validate  the  Unite-difference 
time  domain  (FDTD)  code  when  used  for  the  modeling 
of  both  two-  and  three-dimensional  radiating  structures.  It 
will  um  waveguides,  flared  horns,  and  parabolic  redactors  as 
examples  that  will  be  validated  againot  method  of  moments 
(MM)  codes.  There  an  no  publilhcd  examples  of  previous 
use  of  the  FDTD  method  to  solve  problems  involving  a 
radiating  object. 

Previously,  for  work  such  as  this,  high-frequency  approxi¬ 
mations  and  MM  have  bean  used  Moat  high-frequency  meth¬ 
ods  are  based  on  the  geometric  theory  of  diffraction  (DTD), 
which  was  introduced  by  Keller  (1).  (2)  in  the  last  1930‘s. 
OTD  has  also  been  used  recently  to  study  a  pyramidal  horn, 
as  pan  of  a  complex  system  in  which  the  horn  lad  an  offset 
reflector  (3).  The  horn  was  modeled  using  OTD,  aad  asymp¬ 
totic  physical  optics  (APO)  was  used  to  model  the  reflector 
Illuminated  by  the  OTD-produced  far  Aside  of  the  horn. 

Russo  it  at.  (4)  toon  developed  edge  diffraction  theory 
(EOT)  as  an  approximation  applied  in  solving  for  back- 
Kettering  of  horns.  The  diffraction  coefficients  of  OTD  were 
shown  to  be  inadequate  for  traatment  of  the  horn  anmnnm 
and  the  theory  was  modified  to  um  diffraction  of  cylindrical 
*ave»  at  the  edges  of  thin  metal  sheets.  OTD  was  also 
modified  to  wive  diffraction  from  thick  edges  EDT  gave 
solutions  that  ware  substantially  better  than  those  of  OTD 
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For  parabolas,  APO  has  been  used  to  solve  for  far  fields, 
with  various  correction  factors.  Knop  and  Osterraq  [5)  showed 
that  APO  gave  good  results  compared  with  experimental 
data,  except  in  the  backscattenng  region,  and  that  the  dis¬ 
agreements  were  caused  by  faulty  edge-current  approxima¬ 
tions.  They  corrected  the  diffraction  coefficients  and  showed 
that  these  corrections  had  negligible  effects  in  the  forward- 
Mattering  region,  and  greatly  improved  the  results  in  the  rear 
region. 

Another  method  that  has  been  used  is  the  uniform  asymp¬ 
totic  theory  (UAT).  Menendez  and  Lee  (6)  used  (JAT  to 
model  simple,  two-dimensional  radiating  structures.  (JAT 
generally  agrees  with  GTD,  and  may  be  viewed  as  another 
refinement,  which  gives  better  results  under  some  conditions 
Saayal  and  Bhaoacharyya  [7]  further  refined  UAT  to  give 
slightly  better  results  than  had  been  previously  reported. 

In  general,  high-frequency  asymptotic  methods  work  well 
for  modeling  electromagnetic  wave  interacts  ns  with  electri¬ 
cally  large,  perfectly  conducting  structure*  However.  tieK 
approaches  are  difficult  to  apply  when  the  structures  have 
reentrant  team  res  supporting  multiray  regions,  or  material 
compositions  and  surface  treatments  For  these  types  of 
structures,  the  use  of  other  more  robust  methods  is  sug¬ 
gested. 

It  hat  been  shown  that  MM  and  FDTD  arc  equally  valid 
methods  for  finding  fir-field  patients  and  radar  cross  section 
(RCS)  due  to  scene rart  (8),  but  in  the  case  of  very  large 
structures ,  MM  ti  limited  by  the  amount  of  computer  time 
end  memory  available  and  the  possible  error  accumulation  of 
the  matrix  solution.  Even  though  MM  problem;  of  a  large 
sue  can  be  solved  with  the  supercomputers  available  tods 
the  matrix  invsrsion  contained  in  MM  can  be  a  fundament*, 
limit  on  the  um  of  this  method. 

One  aspect  of  both  FDTD  and  MM  that  is  only  n™  beirg 
studied  for  the  first  time  is  that  of  dynamic  range  The 
examination  of  the  radiation  patterns  of  the  amanitas  in  this 
paper  form  a  study  of  dyaantic  range  for  objects  with  s  broad 
angular  region  of  low  response  Studies  have  been  done  that 
show  that  FDTD  and  MM  can  both  pick  up  sharp  nulls  in 
ndieuon  patterns  that  are  caused  by  cancellation  of  field 
values,  but  the  antennas  studied  herein  are  completely  dif¬ 
ferent.  The  low-maponee  region  of  these  antamnas  Is  both 
very  broad  and  is  also  vary  gradual.  li>  a  region  such  as  this, 
where  (he  far  fields  are  30  dl  down  from  peak  values,  power 
levels  are  a  factor  of  10  '*  down.  Thi-  implies  accuracy  in 
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the  electric  and  magnetic  fields  must  be  approximately  0.3%, 
to  effectively  model  these  low  fields  emanating  in  this  direc¬ 
tion. 

Modeling  this  huge  dynamic  range  is  currently  becoming 
important  in  many  areas:  specifically,  in  two.  The  first  is  the 
design  of  antennas  where  sidelobe  suppression  can  be  impor¬ 
tant.  and  the  second  is  for  the  design  of  aerospace  vehicles 
intended  to  scatter  an  extremely  low  fraction  of  the  power  of 
the  incident  field  over  a  broad  angular  range.  In  some  cases, 
especially  in  the  second  area,  the  problems  to  be  solved 
cannot  be  studied  in  the  open  literature,  so  it  is  important  to 
have  canonical  problems  that  permit  us  to  examine  the  impor¬ 
tant  aspects  of  physics  and  computational  methodology.  The 
horn  antenna  systems  are  good  canonical  problems,  because 
they  naturally  have  this  desired  broad  range  of  low  response 
in  the  backward  direction. 

The  results  shown  here  also  have  applications  to  other 
systems  of  partial  differential  equations  where  the  desired 
solutions  are  required  to  be  accurate  to  similar  levels:  namely, 
one  part  in  three  hundred.  One  example  of  a  system  of  this 
type  may  be  found  in  computational  fluid  dynamics.  In 
solving  the  problem  of  turbulence  in  air  flow  near  a  wing,  it 
may  be  necessary  to  have  accuracies  of  one  pan  in  one 
thousand  relative  to  a  unit  average  flow  around  the  wing.  A 
difference  of  one  one-thousandth  may  make  the  difference 
between  the  flow  separating  or  not.  To  solve  any  system  with 
this  level  of  accuracy  is  a  challenge  to  most  numerical 
methods. 

II  FDTD  FoaMULATioN 
A.  Standard  FDTD  (Stepped-Edge) 

Finite-differencing  was  introduced  by  Yee  in  the  mid- 
i960'*  as  an  efficient  way  of  solving  Maxwell's  time-depen¬ 
dent  curl  equations  (9).  His  method  involved  sampling  a 
continuous  electromagnetic  field  In  a  finite  region  at  equidis¬ 
tant  points  in  a  spatial  lanice,  and  also  at  equidistant  time 
intervals.  Spatial  and  time  interval*  have  been  chosen  to 
avoid  aliasing  and  to  provide  stability  for  tht  tima-marching 
system  [!0|.  The  propagation  of  waves  from  a  source,  as¬ 
sumed  to  be  turned  on  at  time  t  •  0,  is  computed  at  each  of 
the  spatial  lattice  points  by  using  the  finite  difference  equa¬ 
tions  to  march  forward  in  time.  This  process  continues  until  a 
desired  final  stale  has  bean  reached  (usually  the  steady  state). 
This  method  has  been  demonstrated  to  be  accurate  for  solving 
for  hundreds  of  thousands  of  Said  unknowns  in  a  relatively 
efficient  manner  on  a  vector -processing  computer  (II). 

The  FDTD  method  has  advantages  over  other  methods  in 
that  ti>s  required  computer  memory  and  required  running 
tinv'  ere  proportional  to  the  number  of  field  components  in 
the  finite  volume  of  space  being  analyzed.  In  other  words,  the 
FDTD  method  is  Ota),  where  *  Is  the  number  of  field 
component*  In  the  region  of  space  being  modeled.  The 
method  of  moments,  which  involves  a  matrix  inversion  step, 
it  Ota3 )  m  storage  and  Ofn’)  in  running  time,  where  ■  is  the 
size  of  the  matrix. 

iniueJ  problems  that  were  overcome  in  the  early  1910't 
included  the  termination  of  the  spatial  grid  whila  retaining  die 
approximation  of  the  larger  size  of  reel  space  without  the 


addition  of  reflections  from  the  grid  edges  [12],  (13),  the 
simulation  of  an  arbitrary  incident  wave  (14).  and  the  calcula¬ 
tion  of  the  far  fields  given  near-field  data  over  a  number  of 
time  steps  (I4)-(16).  The  FDTD  method  is  also  very 
straightforward  and  very  robust.  However,  some  problems 
have  existed  which  have  slowed  the  general  acceptance  and 
usage  of  this  method - 

One  problem,  which  was  simply  overcome  by  the  march  of 
technology,  was  computer  resources.  Today’s  computers 
make  it  possible  to  solve  for  scattering  by  objects  which 
would  have  been  too  large  just  a  few  yean  ago.  A  second 
problem  is  that  of  visualization,  but  this  is  gradually  being 
solved  by  ongoing  work  of  the  authors.  Other  groups  are  also 
making  progress  in  this  area.  A  third  problem  W|th  the 
FDTD  method  for  solving  practical  engineering  problems  it 
that  of  automated  geometry  generation,  but  this  as  well 
should  soon  be  solved. 

The  fourth  problem,  which  has  recently  been  solved,  is  the 
question  of  objects  that  do  not  fit  directly  into  the  standard 
grid,  and  that  of  objects  which  are  smaller  than  one  grid  cell. 
The  current  FDTD  code  uses  a  regularly  spaced  Cartesian 
grid  with  deformed  contours  along  the  surface  of  the  modeled 
object  (17).  This  is  called  the  contour  FDTD  method,  as 
opposed  to  the  older,  stepped -edge  method. 

B.  Contour  FDTD  Method 

This  method  involves  applying  Ampere's  and  Faraday's 
laws  in  those  cells  where  Yee's  algorithm  is  insufficient  to 
describe  the  geometry  of  the  modeled  object,  i.e.,  cells 
where  the  intersection  of  the  object's  edge  and  the  cell  is  not 
along  one  of  the  edges  or  diagonally  through  the  center  of  the 
cell.  Fig.  1  shows  examples  of  the  application  of  this  method. 
The  contour  method  has  been  shown  to  bn  equivalent  to  the 
Yee  algorithm  in  free  space  (II).  and  for  completeness,  this 
equivalence  is  demonstrated  here  for  one  Aeld  component  at 
shown  in  Fig.  1(a). 

By  applying  Ampere's  law  along  contour  C,  and  assuming 
that  the  average  value  of  a  Held  component  along  one  side  of 
a  contour  is  equal  to  the  value  of  that  component  at  the 
midpoint  of  that  side,  one  may  obtain: 


(i) 
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Using  the  assumptions  that  £,(/,  J,  k)  equals  the  avenge 
value  of  Et  over  the  eurfece  5,,  Ax  •  •  4,  end  time 

derivatives  mey  be  evaluated  through  a  central  difference 
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Fig.  I.  Eumpki  of  tpeuelly  onhofonel  cooioun  la  fra*  <p*c«  (a)  Am* 
pan's  law  for  £,.  rt»  Faraday's  Uw  for  H,. 


expression.  (2)  reduces  to: 


«0*J 

dt 

,  ,/  * 

Hr11  \u- , 

m 

(3) 


where  the  superscripts  Indicate  the  tune  step  for  each  held 
value.  Solving  for  £**'(/.  J,  k)  leads  to  the  equation  in  the 
Yee  algorithm,  which  may  also  be  derived  from  the  V  x  H 
equation. 

An  example  of  how  this  may  be  applied  in  a  two-dimen¬ 
sional  transverse  electric  (TE)  case  is  shown  in  Fig.  2. 
Contour  C,  is  a  normal  contour,  but  Contour*  C%  and  C,  are 
deformed  along  the  dotted  lines.  The  algorithms  for  the  three 
Ht  points  within  the  contours  follow,  where  H,  implies  the 
value  inside  the  contour,  and  £._,  indicate  the  values 
of  the  E,  components  on  the  left  and  right  sides  of  the  Ht 
point,  £,_,  and  E,.b  indicate  values  of  EM  components  on 
the  top  and  bottom  of  the  H,  point,  and  Dt  and  Dt  are 
constants  dependant  on  the  madia  of  the  contour: 

//;*’  -  D,  ■  H ;  +  Dt 

-cl -*;:))  « 


•  ». 

Fig  2.  Example  of  contour  FDTD  metf«od,  TE  caa> 
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1  '  area(Cj) 


(/,-£;:(i (6) 


assuming  that  the  curved  figure  is  s  perfect  electric  conductor 
and  that  /,,  and  l„  indicate  lengths  along  the  respective 
(left,  right,  top,  and  bottom)  sides  of  the  contour,  normalized 
to  lengths  of  exactly  1.0  for  the  standard  contour  (C,.) 

As  may  be  seen  from  (4) -(6).  the  differences  between  the 
last  two  equations  for  the  deformed  contours  and  the  first 
equation  for  the  standard  contour  are  minimal.  Thus,  it  is  a 
simple  matter  to  transform  the  stepped -edge  model  of  a 
scatterer  into  a  true  contour  model,  as  long  as  the  number  of 
special  cells  are  small  in  comparison  to  the  total  number  of 
cells  in  the  grid.  This  is  analogous  to  saying  that  the  number 
of  surface  components  must  be  smaller  than  the  number  of 
volume  components,  which  is  always  true  for  a  reasonably 
Urge  object. 

The  rationale  behind  this  approach  is  that  it  is  more  robust 
and  more  stable  to  have  a  simple  algorithm,  valid  over  most 
of  the  grid  with  a  slight  modification  at  a  few  points,  than  to 
have  •  complex  algorithm  which  may  be  used  over  the  entire 
grid.  The  authors  believe  that  this  method  will  lead  to 
reduced  computer  storage  and  reduce  tunning  times  over 
body-fitted  grids  and  ocher  nonregular  grids. 


C.  Mnglikt  Objtct  ( Using  Contour  FDTD) 

As  an  example  of  the  contour  method,  a  winglike  object 
was  modeled.  This  object  was  suggested  by  General  Dynam¬ 
ics,  Inc.  u  a  teat  of  the  accuracy  of  the  contour  FDTD 
method.  Fig.  3(a)  shows  a  cross  section  of  the  object.  The 
length  of  the  wing  is  10  in,  and  it*  height  is  slightly  less  than 
I  in  st  (he  center.  The  object  extends  12  in  in  the  third 
dimension. 

To  permit  direct  code-uxode  validation  of  FDTD  versus 
an  existing,  well  characterized  2-D  MM  program,  It  was 
decided  that  all  numerical  modeling  runs  should  be  in  2-D 
(effectively  letting  the  12-in  dimension  of  the  object  go  to 
infinity.)  This  allows  an  acceptable  MM  matrix  size.  In 
addition,  both  the  FDTD  and  MM  predictions  are  compared 
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Fig.  3.  General  Dynamics'  ten  object 


to  anechoic  chamber  measurements  (although,  of  course,  this 
data  was  obtained  for  the  original  3-D  target,  not  the  2-D 
idealization). 

Fig.  3(b)  shows  the  RCS  over  a  range  of  angles  for  the 
H/H  polarization  at  10  GHz,  and  includes  the  MM  data  in 
addition  to  the  FDTD  and  chamber  data.  It  is  clear  that  the 
FDTD  and  MM  data  virtually  overlay  each  other  for  observa¬ 
tion  angles  between  4-60*  and  4-90*.  where  the  smooth 
curve  is  being  directly  illuminated  and  conformal  surface 
modeling  is  essential  to  obtain  the  proper  RCS.  Exceller 
agreement  is  also  noted  for  observation  angles  between  -  90* 
and  -  30*.  where  the  flat  side  is  being  directly  illuminated. 
There  is  some  disagreement  of  the  predicted  and  measured 
data  at  grazing  .Rumination.  However,  the  disagreement  at 
these  relatively  low  RCS  levels  >  likely  a  consequence  of  the 
idealized  2-D  models  versus  the  3-D  physics  actually  being 
modeled  in  the  anechoic  chamber. 

m.  Mooils  and  Validations 

A.  Structure  Modtltd  by  FDTD 

The  work  in  FDTD  modeling  of  radiating  structures  begins 
with  a  2-D  rectangular  wtvegnida  excited  by  a  point  source. 
Next  a  flare  of  either  43*  or  26.6*  is  added;  these  horns  are 
validated  against  MM  for  both  the  aperture  fields  end  the  far 
fields.  Next  the  flared  horn  is  used  to  excite  •  perabolically* 
shaped  reflector,  end  the  resulting  far- field  pattern  is  exam¬ 
ined  and  compared  with  a  far-fleld  pattern  generated  from 
MM.  Finally,  two  3-D  structures  are  modeled:  e  rectangular 
waveguide,  and  the  same  waveguide  flared  into  e  //-plane 
sectoral  horn.  The  far-fleld  pattern  of  the  waveguide  Is 
compered  against  an  MM  model.  The  far-fleld  pattern  of  ‘he 
liorn  Is  shown.  In  addition,  a  third-dimensional  waveguide  is 
used  in  a  hyperthermia  application,  and  a  validation  is  given. 

B.  Wavtfulde  and  Horns  In  Two  Dimensions 

The  initial  object  to  be  modeled  is  a  simple  2-D  wave¬ 
guide.  This  Is  one  of  the  simplest  redialing  objects  that  can  be 


simulated  through  the  FDTD  method,  because  the  rectangu¬ 
lar  shape  leads  to  a  natural  stepped-edge  model.  The  wave¬ 
guide  modeled  has  a  width  of  ind  a  length  of  5  A  line 
source  is  centered  within  the  guide  /2  from  the  closed  end. 
Fig.  4(a)  shows  a  contour  map  of  the  fields  inside  the  guide 
and  also  emerging  from  the  guide.  This  picture  is  clearly  the 
same  as  any  found  in  an  elementary  textbook  on  electromag¬ 
netic  fields  and  waves.  Fig.  4(b)  is  a  plot  of  the  far-fleld 
pattern  compared  to  that  obtained  using  MM.  Discrepancies 
between  the  two  sets  of  results  at  levels  35  dB  or  more  below 
the  main  lobe  are  similar  to  those  for  the  horns  discussed  in 
some  detail  later. 

To  create  the  two  horn  antennas,  flares  are  added  to  the 
initial  waveguide,  adding  \  to  the  total  length,  with  a  slope 
of  either  1  or  1  /2,  corresponding  to  flare  angles  of  45*  and 
26.6*  respectively.  The  45*  horn  is  not  much  of  a  challenge, 
because  of  the  manner  in  which  a  45*  line  passes  through  a 
square  grid.  A  portion  of  this  model  is  shown  in  Fig.  5(a), 
which  demonstrates  that  by  setting  the  media  parameter  of 
the  E,  points  along  the  flare  to  have  the  properties  of  metal, 
the  standard  FDTD  algorithm  may  be  used  with  no  modifi¬ 
cation. 

Fig.  6  shows  the  agreement  between  the  FDTD  results  for 
normalized  aperture  and  phase  of  the  electric  field,  and 
results  from  MM  for  the  45*  horn.  It  is  apparent  that  these 
two  methods  give  results  which  are  virtually  identical  to  the 
human  eye. 

For  the  26.6*  horn,  which  has  a  flare  sloped  at  1  /2  as  seen 
in  Fig.  5(b),  only  two  types  of  special  cells  exist  (one  for  the 
upper  flare  and  one  for  the  lower  flare),  and  the  algorithm  for 
these  cells  may  be  easily  determined  by  slightly  altering  the 
location  of  the  HM  point  through  which  the  metal  flare 
puses.  The  Et  point  directly  above  this  becomes  a  point 
which  is  ignored  in  further  computations,  but  the  HM  point 
above  that  and  the  H-  point  to  its  left  also  become  special 
points.  Finally,  the  H,  point  to  the  right  of  the  £,  point  is 
also  ignored  in  fiiither  computations  A  similar  process  will 
apply  to  the  bottom  flare.  The  algorithm  for  these  special 
ceils  is  repeated  from  the  end  of  the  waveguide  to  the  end  of 
the  horn,  along  the  full  length  of  the  flare. 

Fig.  7  demonstrates  the  aperture  field  agreement  of  magni¬ 
tude  and  phue  data  between  the  two  methods  for  the  26.6* 
horn.  As  the  aperture  fields  appear  the  same,  the  next  item  of 
imeresr  was  the  far-fleld  patterns.  This  comparison  (Fig.  8) 
showed  some  agreement  in  the  main  lobe,  but  dm  anywhere 
else.  This  was  a  matter  which  caused  mild  consternation 
when  it  wu  first  discovered,  because  conventional  wisdom  in 
this  area  suggests  that  near  fields  which  are  even  slightly 
different  will  produce  similar  far  fields,  due  to  the  fact  that 
going  from  near  fields  to  far  fields  involves  an  Integration, 
which  should  avenge  out  small  errors.  Here,  however,  this 
Is  not  the  case.  Extremely  dose  near  fields  art  producing 
rather  distinct  far-ftetd  patterns. 

The  first  question  to  be  uked  it  which  far-fleld  pattern  It 
correct,  if  either.  The  MM  model  uses  10  sample  points  per 
wavelength,  and  a  pulse-current  expansion  with  point  match¬ 
ing.  Under  the  assumption  that  this  formulation  wu  suitable 
for  this  problem,  the  number  of  sample  points  per  wave- 
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Fig.  4.  TM  parallel  plate  wave  guide,  (a)  Near  fields,  (b)  Far  fields. 

length  was  varied  to  20.  30.  and  40.  The  n*uly  of  this 
examination  are  shown  in  Fig.  9.  It  is  cleat  that  this  variation 
has  Fttl*  if  a-.y  'ffect  in  the  main  lobe,  but  the  sampling  rate 
has  a  definite  effect  on  the  sideiofccs,  and  farther,  the  area  of 
the  pattern  which  is  affected  moves  to  the  sides  and  down  as 
the  number  of  samples  increases.  Thus,  it  has  been  concluded 
that  the  dynamic  range  of  MM  is  highly  dependent  on  the 
number  of  samples  per  wavelength,  and  for  modeling  of 
objects  such  as  this,  10  samples  is  not  enough,  and  40  must 
be  used.  In  addition,  it  is  possible  that  other  choices  of  MM 
current-expansion  and  weighting  functions  could  give  some¬ 
what  different  results,  especially  in  the  low-radiated  field 
region. 

For  the  FDTD  model,  more  possibilities  exist  to  be  stud¬ 
ied.  Fir't,  what  is  the  effect  of  the  radiation  boundary  condi¬ 
tions  (RBC's)?  For  a  time-marching  code,  this  is  simple  to 
determine  by  increasing  the  size  the  grid  in  such  a  manner 
that  the  earliest  possible  reflections  from  the  boundary  cannot 
reach  the  portion  of  the  grid  that  is  of  interest  in  the  number 
of  time  steps  for  which  the  code  is  run.  This  can  be  consid- 
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Fig.  6.  Normalized  aperture  dau  for  the  45*  hom,  TM  case,  (a)  Magni¬ 
tude.  (b)  Phase. 

ered  time-gating  out  the  RBC's.  Fig  10(a)  shows  the  results 
of  this  time-gating.  It  is  clear  that  the  RBC’s  perturb  the 
computed  pattern,  particularly  at  levels  of  -  40  dB  and  lower 
compared  to  the  main  beam. 

The  next  change  was  to  move  the  contour  of  integration 
farther  from  the  object  while  maintaining  the  time-gating  of 
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Fig.  7.  Normalized  aperture  data  for  the  26.6*  horn.  TM  cate, 
(a)  Magnitude,  (b)  Phase. 


Fig.  9.  Far-fidd  data  for  the  26.6*  horn,  TM  case,  MM  patterns  versus 
number  of  samples  per  X. 


(a) 


tt» 

Fig.  10.  Far-Held  dan  for  the  26.6*  horn.  TM  case,  (a)  FDTD  patterns 
showing  effects  of  RBC  s.  (b)  Patterns  showing  varied  distance  from  S, 
plane  to  RBC. 

the  RBC's.  In  a  standard  FDTD  code  which  produces  good 
results  in  most  cases,  this  contour  is  at  least  one  wavelength 
away  from  the  object.  Fig.  10(b)  shows  the  variation  in  the 
fur-field  pattern,  as  this  distance  is  increased.  It  is  clear  that 
the  placement  of  the  integration  contour  can  also  perturb  the 
computed  pattern  at  levels  of  -  *0  dB  and  below. 

Fig.  11  compares  the  rr>st  accurate  MM  and  FDTD 
patterns.  There  is  a  substantial  improvement  over  the  initial 
attempt,  but  there  are  still  differences  in  the  range  of  the 
pattern  with  low-level  fields.  A  change  of  method  „f  integra¬ 
tion  of  the  FDTD  near  fields  was  investigated,  from  trape¬ 
zoidal  rule  to  Simpson’s  rule,  but  this  did  not  make  any 
appreciable  difference  in  the  patterns. 

Since  the  possibilities  of  error  in  going  from  the  near  field 
to  far  field  have  been  eliminated  by  the  changes  discussed, 
the  next  item  to  examine  is  the  near  fields  themselves.  It  has 
been  shown  that  FDTD  requires  a  grid  spacing  of  10  cells  per 
wavelength  [10],  and  the  models  to  this  point  have  used  a 
spacing  of  16  cells  per  wavelength.  If  MM  requires  a  higher 
spatial  sampling  rate  for  this  type  of  model,  perhaps  FDTD 
does  as  well.  This  is  left  for  future  investigation. 

C.  Horn-Fed  Parabolic  Antennas  in  Two  Dimensions 

After  reasonable  certainty  of  the  results  of  the  2-D  homs 
was  achieved,  the  26.6*  horn  was  placed  in  two  systems 
containing  both  a  horn  and  a  parabolic  reflector.  The  differ¬ 
ence  between  the  systems  is  the  distance  between  the  phase 
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Fig.  11.  Far-field  data  for  the  26.6*  horn.  TM  case.  FD-TD  versus  MM. 
final  comparison. 


center  of  the  hom  and  the  parabola.  This  phase  center  of  the 
hom  is  located  at  the  focus  of  the  parabola  in  the  first  system, 
and  in  the  second  system  it  is  one  wavelength  closer  than  the 
focus.  Each  system  features  a  parabola  with  an  opening  width 
of  50  V  The  two  systems,  including  both  the  horns  and  the 
parabolas,  were  modeled  using  the  contour  method,  de¬ 
scribed  above. 

The  parabola  run  on  a  single  processor  of  a  Cray  2  used 
approximately  50  min  of  CPU  time  for  the  FDTD  version, 
and  150  min  for  the  MM  version  at  40  current  sources  per 
wavelength.  The  latter  was  shown  to  be  required  by  a 
convergence  study,  as  seen  in  Fig.  12(b). 

The  far-field  plots  for  these  two  systems  are  shown  in  Fig. 
13.  The  variation  in  far  fields  appears  most  noticeable  in  the 
main  lobe  of  the  pattern.  It  appears  that  placing  the  hom  such 
that  its  phase  center  is  slightly  closer  to  the  parabola  than  the 
focal  point  (Fig.  13(b))  gives  a  roughly  flat  region  behind  the 
hom.  and  only  a  small  amount  of  scattering  behind  the 
parabola. 

D.  Waveguides  and  Horns  in  Three  Dimensions 

FDTD  modeling  of  two  3-D  radiating  structures,  an  open- 
ended  waveguide  and  a  hom  antenna,  is  now  considered.  The 
hom  is  developed  from  the  waveguide,  which  tas  rh*  follow¬ 
ing  dimensions.  The  c.oss  section  is  2  \>  /3  in  the  y  direction 
and  1  in  the  z  direction.  The  length  in  the  x  direction  is 
2  V  A  line  source  (monopole)  oscillates  sinusoidally  \/3 
from  closed  end  in  the  x  direction,  centered  in  the  y 
direction,  and  extending  from  the  top  to  bottom  in  the  z 
direction.  The  hom  adds  a  flare  perpendicular  to  the  x-y 
plane,  at  an  angle  of  45*  to  the  sides  of  the  waveguide,  and 
extending  the  full  z  height  of  the  structure. 

Validation  of  the  FDTD  model  was  accomplished  by  com¬ 
parison  of  the  computed  far-radiated  fields  with  results  ob¬ 
tained  from  a  triangular  surface  patching  MM  code.  The 
resolution  of  the  MM  code  was  varied  from  10  patches  per 
wavelength  up  to  a  maximum  of  20  patches  per  wavelength. 
Little  change  was  noted  in  comparison  with  the  MM  results 
from  lower-resolution  models.  It  is  apparent  from  Fig.  14(b) 
that  MM  and  FDTD  results  agree  reasonably  well  for  this 
simple  waveguide,  Running  times  for  the  two  codes  were 
also  comparable.  Fig.  15(b)  shows  the  FDTD  computed 
far-held  pattern  of  the  hom. 


(a) 


(b) 

Fig.  12.  Far-field  dan  for  parabola  of  50  width,  horn  fed  at  focus,  MM 
patterns  for  various  number  of  patches  per  wavelength. 


(«) 


A177  ' 


1210 


IEEE  TRANSACTIONS  ON  ANTENNAS  AND  PROPAGATION,  VOL.  39,  NO  8.  AUGUST  1991 


(t) 


0» 

Fig.  IS.  Three-dimensional  flared  horn,  far  Aelds.  d  sweep,  •  -  90',  Ef 
polarization. 


E.  Hyperthermia  Application 

Hyperthermia  is  the  use  of  heat  to  elevate  the  temperature 
of  a  tumor  to  greater  than  42*C.  In  combination  with  radia¬ 
tion  or  chemotherapy  it  has  shown  promising  results  in  the 
treatment  of  small  surface  tumors.  Major  problems  which 
exist  in  clinical  hyperthermia  are:  maximizing  the  therapeutic 
effects  of  tumor  temperature  distribution,  minimizing  normal 
tissue  damage,  and  ensuring  deposited  power  is  confined  to 
the  target  tumor  volume.  Power  is  applied  through  electro¬ 
magnetic  (EM)  applicators,  which  can  take  the  form  of 
dielectrically  loaded  waveguides. 

A  semi-automated,  real-time,  patient-specific  hyperthermia 
model  has  been  developed  using  computer  vision  system 
technology  and  FDTD  analysis.  [18]  Through  the  use  of 
comp 'ter  vision,  a  patient’s  computed  tomography  (CT)  scans 
are  analyzed  to  reconstruct  a  complex,  3-D  tissue  geometry 
[19],  [20].  These  data  are  transformed  into  a  form  suitable 
for  the  FDTD  method.  Luckily,  biologic  tissue  is  lossy 
enough  that  a  stepped-edge  geometry  is  sufficient  for  good 
accuracy.  The  EM  applicator  is  then  inserted  into  the  FDTD 
grid,  and  the  program  is  run  to  give  an  accurate  picture  of  the 
power  deposition.  The  correct  applicator  and  incident  power 
can  then  be  selected  on  the  basis  of  this  run  to  provide  the 
desired  localization  and  uniform  heat  in  the  tumor  volume. 

In  three  dimensions,  a  water-loaded  rectangular  waveguide 
is  used  to  illuminate  a  tissue  structure  similar  to  that  modeled 
by  a  University  of  Athens  group  [21]  through  an  integral 
equation  approach.  Fig.  16(a)  shows  the  geometry  of  the 
model.  In  the  Athens  group’s  problem,  the  tissue  structure  is 
a  layered  half-space  with  0.5  cm  of  skin,  1.0  cm  of  fat,  and 
an  infinite  layer  of  muscle.  The  5.6  x  2.8  x  2.8  cm3  wave¬ 
guide  is  excited  by  a  line  source  at  432  MHz,  which  creates 
an  incident  power  of  1  W  on  the  tissue  structure.  The  FDTD 


model  assumes  the  infinite  dimensions  of  the  structure  may 
be  modeled  by  half  a  skin  depth  in  any  direction. 

Figs.  16(b)  and  16(c)  show  a  comparison  of  the  FDTD 
results  and  those  of  the  integral  equation  solver  for  penetrat¬ 
ing  electric  field  contours  at  the  sldn-fat  interface,  and  at  the 
fat-muscle  interface,  respectively.  Because  of  symmetry,  only 
a  quadrant  of  the  field  distribution  is  shown. 

IV.  Summary  and  Conclusion 

This  paper  has  demonstrated  that  the  FDTD  method  is 
valid  for  use  in  modeling  of  radiating  structures.  Based  on 
this  validity,  the  contour  FDTD  method  has  been  proven  to 
be  a  new  and  useful  tool  for  modeling  various  reflector 
systems  and  some  biologic  problems.  While  it  is  recognized 
that  this  method  has  some  limitations,  the  authors  can  foresee 
a  time  in  the  future  when  these  problems  will  have  been 
solved,  and  FDTD  will  be  a  standard  tool  for  the  analysis  of 
electromagnetic  interactions  involving  large  objects. 

There  are  several  important  issues  affecting  computational 
dynamic  range.  From  the  discussion  of  the  26.6*  horn,  it  is 
clear  that  neither  MM  nor  current  FDTD  methods  can  be 
blindly  applied  to  antennas  or  scatterers  which  have  a  broad 
angular  range  of  far  fields  lower  than  -40  dB  relative  to  the 
main  lobe  or  the  incident  beam.  Changing  the  FDTD  grid- 
ding  to  a  finer  spatial  sampling,  using  brute-force  methods  to 
eliminate  the  effects  of  the  RBC’s,  and  calculating  the  best 
integration  from  the  near-field  points  seem  to  be  ways  to 
achieve  more  accurate  results,  and  hence,  greater  dynamic 
range.  However,  this  reasoning  is  only  valid  in  two  dimen¬ 
sions. 

In  three  dimensions,  many  things  change.  The  MM  matrix 
size  increases  by  an  order  of  magnitude,  which  causes  the 
inversion  or  solution  time  to  increase  by  three  orders  of 
magnitude.  For  the  FDTD  code,  time-gating  out  the  RBC 
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reflections  is  impractical,  because  it  increases  the  volume  of 
space  in  which  the  time  marching  takes  place,  which  is  much 
worse  than  simply  increasing  the  area  in  two  dimensions.  The 
fields  themselves  also  change  in  three  dimensions,  going 
from  an  r-03  dependance  to  an  r'1  dependence.  Perhaps 
this  will  reduce  the  negative  effects  of  the  RBC's  because  the 
fields  will  be  weaker  upon  reaching  the  grid  boundaries.  An 
important  point  to  note  is  that  for  antenna  problems,  FDTD 
and  MM  are  similar  in  that  after  one  large  solution  is  worked 
out  (time  marching  of  fields  or  matrix  inversion,)  finding  the 
antenna  pattern  is  simply  a  matter  of  a  number  of  integrations 
or  a  number  of  matrix  multiplies. 

Improved  RBC’s  exist,  and  these  must  be  examined  in  both 
two  and  three  dimensions  in  the  context  of  problems  of  this 
class.  In  addition,  the  standard  second-order  Yee  differencing 
algorithm  may  itself  be  unsuitable  for  problems  such  as 
these.  It  may  be  necessary  to  use  a  fourth-order  scheme  to 
achieve  the  requisite  accuracy  while  maintaining  0.1 
(relatively  coarse)  spatial  resolution.  This  also  must  be  exam¬ 
ined  in  both  two  and  three  dimensions. 

Finally,  assuming  these  modifications  are  sufficient,  large 
3-D  problems  may  be  attempted.  These  models  will  have  to 


be  verified  experimentally,  as  the  MM  equivalent  models  will 
be  too  large  to  run  on  today’s  computers  in  a  reasonable 
amount  of  time. 
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Ws  report  the  initial  results  for  femtosecond  pulse  propagation  and  scattering  interactions  for  a  Lorentz 
medium  obtained  by  a  direct  time  integration  of  Maxwell1*  equation*.  The  computational  approach  provide* 
reflection  coefficient*  accurate  to  bettor  than  6  part*  in  10,000  over  the  frequency  range  of  dc  to  3  x  10“  Hz 
for  a  (ingle  0.2-f*  Oauaaian  pulse  incident  upon  a  Lorentz- medium  half-space.  New  results  for  Sommsrfeld  and 
Brillouin  precursors  ere  shown  end  compered  with  previous  analyses.  The  present  approach  is  robust  and  per* 
mite  two-dimensional  and  three-  dimanaional  electromagnetic  pulse  propagation  directly  from  the  full-vector 
Maxwell'*  equations. 


A  pulse  propagating  in  a  dispersive  medium  such  as 

dH, 

1  dE. 

(la) 

an  optical  fiber  exhibits  complicated  behavior.  It  is 
of  interest  to  have  an  accurate  numerical  model  for 

dt 

Mo  dx 

this  behavior  aa  well  as  for  other  electromagnetic  in¬ 

dD, 

1 

i  a, 

k* 

(lb) 

teractions  with  frequency-dependent  materials. 

dt 

dx 

The  finite-difference  time-domain  (FD-TD) 
method  is  a  numerical  technique  for  direct  time  in¬ 
tegration  of  Maxwell’s  equations.1*4  It  is  a  compu¬ 
tationally  efficient  approach  to  modeling  ainuaoidal 
or  impulsive  electromagnetic  interactions  with  arbi¬ 
trary  three-dimensional  structures  consisting  of 
linear,  possibly  anisotropic,  lossy  dielectric  and 
permeable  media  with  frequency-independent 
parameters.  It  has  been  used  for  predicting  elec¬ 
tromagnetic  wave  scattering,  penetration,  and  radi¬ 
ation  for  a  variety  of  problems.*  Recently,  the 
range  of  FD-TD  modeling  applications  has  been  sub¬ 
stantially  expanded  to  include  ultra-high-speed  sig¬ 
nal  lines,'  subpicosecond  electro-optic  switches,7  and 
linear  optical  directional  couplers.' 

Attempts  have  been  made  to  extend  FD-TD  to 
frequency-dependent  materials.  Chromatic  disper¬ 
sion  can  be  expreseed  in  the  time  domain  as  a  convo¬ 
lution  integral  involving  the  electric  Held  and  a 
causal  susceptibility  function.  This  convolution 
integral  can  be  efficiently  incorporated  into  the  FD- 
TD  algorithm  for  a  first-order  (Debye)  dispersion.* 
In  this  Letter  we  present  a  more  general  approach 
that  permits  modeling  of  media  Saving  arbitrary- 
order  dispersions.  Our  approach  is  based  on  a 
suggestion  by  Jackson  (Ref.  10,  p.  331)  to  relate  the 
electric  displacement  D(t)  to  the  electric  field  E(t< 
through  an  ordinary  differential  equation  in  time. 

We  consider  a  one-dimensional  problem  with  field 
components  E,  and  H,  propagating  in  the  x  direc¬ 
tion.  If  we  assume  first  that  the  medium  is  nonper- 
meable,  isotropic,  and  nondispersive,  Maxwell’s  curl 
equations  in  one  dimension  are 


Here  D,  ■  e£„  where  the  permittivity  e  is  indepen¬ 
dent  of  frequency.  Uaing  central  differencing  in 
time  and  space,1  we  can  express  the  curl  equations 
in  finite-difference  form  as  the  following  second- 
order  accurate  leapfrog  algorithm: 

Hy'^yii  +  ±)  -  H/4(i  +  X) 

+  — ^ -[Era  + 1)  -  s.m  (2a) 

MoAx 

Er\i)  -  [H/%  +  ±) 

-  ff/4(i  -  \)),  (2b) 

where  £/(()  denotes  the  electric  field  sampled  at 
space  point  x  ■  iAx  and  time  point  t  ■  nit. 
(Please  refer  to  Ref.  2  for  the  proper  numerical  sta¬ 
bility  criterion.) 

For  many  dispersive  media  of  interest,  however, 
a  =  e(w).  We  propose  to  include  this  frequency  de¬ 
pendence  in  the  FD-TD  model  by  concurrently  inte¬ 
grating  an  ordinary  differential  equatiou  in  time 
that  relates  D,(t)  to  £jt).  As  suggested  by  Jackson, 
this  equation  ia  derived  by  taking  the  inverse 
Fourier  transform  of  the  complex  permittivity 
expression. 


e{w)  - 


D^u) 

EA<o) 


(3) 


For  an  order-M  dispersion,  thj  computational  moa«i 
now  becomes  a  three-step  recursive  process  that  re- 
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tains  the  fully  explicit  nature  of  the  original  diaper- 
sionless  FD-TD  formulation, 

H,'%  +D- +  i) 

+  +  1)  -  £."(i)],  (4e) 


Dr'd)  -  D,\i)  +  +  ±) 

-  -  j)],  (4b) 

Er\i)  -  A  V* . Dr*  *  E/ . E.'-*")  ■ 

(4c) 


At  any  time  step  n,  this  method  requires  storage  of 
M  previous  values  of  D.  and  M  -  1  previous  values 
of  E,  beyond  the  current  field  values.  The  abroach 
will  be  made  clear  by  the  following  examples: 

Example  l  A  first-order  (Debye)  dispersion  can 
be  specified  by 


e(<o) 


s.  -  s.  m  DM 

1  -  jan  EM 


(5) 


where  e,  ■  e(0),  t.  ■  e(®),  and  r  is  the  Debye  relax¬ 
ation  time  constant.  If  we  take  the  inverse  Fourier 
transform  of  Eq.  (5)  as  defined  by 

f(t)  “  J  f(a)exp(-jut)du,  (6) 


the  result  is  a  first-order  differential  equation  in 
time  relating  D,  and  E„ 


D,  + 


dD, 
T  d t 


-  ^ 
t.E,  +  re.  —  • 


(7) 


This  differential  equation  can  be  easily  differenced 
to  solve  for  £/*''  in  terms  of  known  values  of  E,  and 
D,  for  insertion  into  Eq.  (4c), 


Er\i) 


to  +  2r 
2  re.  +  r,A< 


D/*‘(»)  + 


to  -  2r 
2  re.  +  e,  to 


D,*(i) 


2 re.  -  e,A< 


£/<*).  (8) 


2r«.  +  e,to 

Example  2:  A  second-order  (Lorentx)  dispersion 
ran  be  specified  by 

M-e.  wa  +  <9) 


where  e,  “  e(0),  «.  •  «(•),  <w0  is  the  resonant  fre¬ 
quency,  rod  6  is  the  damping  coefficient  Figure  1 
shows  the  relative  permittivity  curve  for  a  Lorentx 
medium  that  has  the  following  parameters: 


e,  ®  2.26e«,  e.  ■  so,  <o0  •  4.0  x  10“  rad/s, 
8  -  0.28  x  10U  s*1. 


Inverse  Fourier  transformation  of  Eq.  (9)  results  in 
the  following  second-order  differential  equation  re¬ 
lating  D,  and  E,: 


«. 'D.  +  2^  4.  ^  -  *B*e.E.  +  28s. ^ 

d’E. 

+  fc*r-  <10> 


This  differential  equation  can  be  easily  differenced 
to  solve  for  E,**1  in  terms  of  known  values  of  E,  and 
D,  for  insertion  into  Eq.  (4c), 

E,*rl  -  [(w«*At*  +  28 At  +  2 )D/’*  -  4D/ 

-t-  («,JAt*  -  28 At  +  2)D,"*‘  +  4e.E/ 

-  (a>0,At*e,  -  28 Ate.  +  2e.)E,"'1]/ 
(wo’Af’e,  +  28  Ate.  +  2e.).  (11) 

We  first  demonstrate  the  accuracy  of  this  method 
by  computing  the  wideband  reflection  coefficient  for 
a  planar  interface  between  vacuum  and  a  half-space 
made  of  the  Lorentx  medium  of  Fig.  1.  A  single 
0.2-fs  duration  Gaussian  pulse  (between  the  1/e 
points)  is  normally  incident  upon  the  interface. 
This  pulse  has  a  spectrum  that  covers  the  full  range 
from  dc  to  3  x  10'*  Hs.  Data  are  taken  every  time 
step  (At  ®  2.0  x  10" 11  s)  at  a  fixed  observation  point 
on  the  vacuum  side  of  the  interface.  The  FD-TD 
computed  complex-valued  reflection  coefficient  is 
obtained  by  taking  the  ratio  of  the  discrete  Fourier 
transforms  of  the  reflected  and  incident  pulses. 
Figure  2  compares  the  magnitude  and  phase  of  this 


Fig.  1.  Complex  permittivity  of  the  Lorentx  medium 
with  parameters  *,  -  2.26s«,  «.  -  *«,  ««  -  4.0  x 
10*  rad/a,  and  8  »  0.28  x  10**  s*'. 


(unit*  of  10"  rod/we) 

Fig.  2.  Comparison  of  FD-TD  and  exact  results  from  dc 
to  3  x  10“  Hi  for  the  magnitude  and  phase  of  the  reflec¬ 
tion  coefficient  of  a  half-space  made  of  the  Lorentx 
medium  of  Fig.  1. 
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Fig.  3.  Comparison  of  FD-TD,  asymptotic,11  and  Lipkct- 
transform14  results  for  tha  Sommsrfsld  precursor  ob¬ 
served  at  *  *  1  nm  in  tha  Lorentz  madium  of  Fig,  1  for  a 
unit-step  modulated  sinusoidal  ozcitation  (to,  ■  1.0  x 
10**  rad/a)  at  *  •  0. 


Fig.  4.  FD-TD  resulU  for  tha  total  aignal  (including  tha 
Brillouin  pracuraor)  at  s  -  10  nm  in  tha  Lorentz  madium 
of  Fig.  1  for  tha  unit-atap  modulatad  ainuaoidal  excitation. 


reflection  coefficient  aa  a  function  of  frequency  to 
♦he  exact  solution  (Ref.  10,  p.  282).  The  deviation 
from  the  exact  solution  over  the  complete  range  of  dc 
to  3  x  10**  Hz  is  lese  than  6  parts  in  10,000.  (This 
6/10,000  error  occurs  at  the  peak  of  the  reflection 
magnitude  curve.) 

The  time  integration  of  Maxwell’s  aquations  per¬ 
mits  the  computation  of  a  pulse  propagating  in  a 
dispersive  medium  at  a ny  space  time  point.  His¬ 
torically,  such  pulse  dynamics  have  been  obtained 
only  by  asymptotic  analyses,  notably  by  Sommer- 
feldu  and  Brillouin11  in  1914.  Mora  recently,  ad¬ 
vances  in  uniform  asymptotic  analysis  for  such 
problems  have  bean  made  by  Oughstun  and  Sher¬ 
man11  and  in  Laplace  transform  analysis  by  Wynz 
etal.1* 

To  demonstrate  the  integration  of  Maxwell’s  aqua¬ 
tions  to  obtain  pulse  dynamics,  we  now  use  the  FD- 
TD  method  to  compute  the  precursor  fields  for  a 
unit-step  modulated  sinusoids  i  signal  propagating 
in  the  Lorentz  medium  discussed  in  Figs.  1  and  2. 
Now  the  signal  source  is  located  at  x  ■  0.  The  car¬ 
rier  frequency  u,  is  10“  rad/s.  Figure  3  compares 
the  FD-TD  computed  Sommerfeld  precursor  ob¬ 


served  at  x  •  1  Mm  to  the  asymptotic11  and  Laplace- 
transform14  predictions.  Much  closer  agreement 
with  the  Laplace-transform  calculation  is  noted. 
Extensive  numerical  convergence  studies  of  the  FD- 
TD  results  indicate  that  the  zero  crossings  of  the 
precursor  converge  quickly  (at  relatively  coarse  grid 
resolutions),  while  the  envelope  converges  more 
slowly  to  a  limiting  distribution.  Overall,  we 
believe  that  the  FD-TD  computed  envelope  distribu¬ 
tion  shown  in  Fig.  3  is  within  3%  of  the  limiting  dis¬ 
tribution  obtained  at  infinitely  fine  grid  resolution. 

For  completeness,  Fig.  4  shows  the  total  signal  at 
x  «  10  ftm  in  the  Lorentz  medium  computed  with 
the  FD-TD  method.  This  include*  the  Brillouin 
precursor.  These  results  are  again  somewhat  dif¬ 
ferent  from  the  aeymptotic  results  reported  in 
Ref.  13,  yet  the  FD-TD  calculations  here  exhibit  at 
least  the  same  degree  of  convergence  aa  those  of 
Fig.  3. 

The  method  of  this  Letter  should  be  directly  ap¬ 
plicable  to  full-vector  electromagnetic  pulse  propa¬ 
gation  and  scattering  effects  for  inhomogeneous 
dispersive  media  in  two  and  three  dimensions.  We 
foresee  the  possibility  of  incorporating  material 
nonlinearity  to  obtain  the  dynamics  of  soli  ton  propa¬ 
gation  and  scattering  directly  from  the  time-depen¬ 
dent  Maxwell’s  equations. 

This  research  was  supported  in  part  by  U.S. 
Office  of  Naval  Research  contract  N03014-88-K- 
0475,  NASA-Ames  University  Consortium  Joint  Re¬ 
search  Interchange  no.  NCA2-562,  nnd  Cray 
Research,  Inc.  We  thank  K.E.  Oughstun  for 
providing  graphical  results  of  his  precursor  analy¬ 
ses11'14  and  P.  Goorjian  of  NASA-Ames  for  suggest¬ 
ing  the  improved  time-stepping  scheme  of  Eq.  (11). 
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Abstract— A  slmplt  tad  approximate  analytical  solution  is 
presented  by  invoking  on-snrfact  radiation  condition  (OSRC) 
theory  for  the  analysis  of  electromagnetic  scattering  by  a  per¬ 
fectly  conducting  two-dimensional  object.  The  scattering  object 
is  assumed  to  be  placed  in  a  free  space  medium  and  is  excited  by 
a  time  harmonic  plane  wave  having  transverse  magnetic  (TM) 
polarization.  The  dosed  form  analytical  result  for  the  mono- 
static  as  well  as  bistatic  radar  cross  section  is  approximate  and  is 
useful  in  many  engineering  studies.  It  is  applicable  only  for  the 
case  of  a  convex  shaped  conducting  object  having  arbitrary  two 
dimensional  cross  section  with  arbitrary  edges  and  corners. 
Canonical  scattering  objects,  such  as  a  triangular  shaped  scat- 
terer  and  a  thin  strip  scatterer  are  analyzed  for  the  transverse 
magnetic  exdtatioa  to  evaluate  usefulness  of  the  analytical  re¬ 
sults  reported  in  this  paper.  Numerical  data  for  the  monostatic 
as  well  as  the  bistatic  radar  cross  section  are  also  presented  by 
comparing  them  with  respect  to  the  numerical  solution  obtained 
by  solving  an  electric  field  integral  equation  based  on  the  method 
of  moments  technique. 


I.  Introduction 

THERE  exist  numerous  analytical  and  numerical  ap¬ 
proaches  for  analyzing  the  electromagnetic  scattering  by 
a  perfectly  conducting  object  [l]-[7].  Generally,  the  formula¬ 
tion  of  the  scattering  problem  is  accomplished  in  terms  of 
either  a  differential  equation  or  an  integral  equation  by  treat¬ 
ing  it  as  a  boundary  value  problem.  The  analytical  approach 
is  limited  in  its  application  to  canonical  objects,  and  for 
analyzing  practical  scattering  geometries  the  numerical  ap¬ 
proaches  based  on  the  matrix  method  [3],  the  finite  element 
or  the  finite  difference  method  [7]  are  widely  used.  Even 
though  many  analytical  and  numerical  methods  are  widely 
reported  [2],  [7]  in  the  literature  for  various  class  of  material 
and  scattering  geometries,  still  in  many  engineering  applica- 

Manuscript  received  January  10,  1990;  revised  August  12,  1991.  This 
work  was  supported  in  part  by  Office  of  Naval  Research  (ONR)  grant 
N00014-88-K-0475  and  by  National  Science  Foundation  (NSF)  Grant  ASC- 
8811273. 

K.  Umashankar  and  W.  Chun  are  with  the  Department  of  Electrical 
Engineering  and  Computer  Science,  University  of  Illinois,  Chicago,  IL 
60680 . 

A  TaRove  is  with  the  Department  of  Electrical  Engineering  and  Com¬ 
puter  Science,  McCormick  School  of  Engineering,  Northwestern  University 
Evanston.  IL  60208. 

IEEE  Log  Number  9104567. 


tions  involving  electromagnetic  scattering  studies,  there  ex¬ 
ists  a  need  for  simple  analytical  tools  for  the  induced  electric 
current  and  the  corresponding  radar  cross  section  of  arbitrary 
shaped  conducting  object.  The  purpose  of  this  paper  is  to 
report  a  possible  approach  to  obtain  simple  and  approximate 
solution  (yet  form  an  useful  tool  for  many  engineering  appli¬ 
cations)  of  the  electromagnetic  scattering  by  a  perfectly  con¬ 
ducting  object  having  arbitrary  edges  and  comers.  The  study 
repotted  in  the  following  section  is  limited  to  the  two-dimen¬ 
sional  scattering  object  placed  in  a  free  space  medium  which 
is  excited  by  a  time  harmonic  plane  wave  having  transverse 
magnetic  (TM)  polarization.  The  analysis  is  accomplished  by 
invoking  the  on-surface  radiation  condition  (OSRC)  theory 
(8].  It  can  be  noted  that  the  OSRC  approach  basically  utilizes 
an  additional  boundary  relationship  for  the  normal  derivative 
of  the  scattered  electric  field  which  is  proportional  to  the 
scattered  magnetic  field  by  implementing,  in  a  limit,  a  higher 
order  near  field  radiation  boundary  condition  [9],  [10]  di¬ 
rectly  on  the  surface  of  scattering  object.  In  fact,  for  the 
study  of  scattering  by  two-dimensional  convex  conducting 
object,  the  OSRC  has  exposed  [11],  [14]  substantial  simpli¬ 
fication  of  the  usual  integral  equation  for  the  induced  surface 
electric  current  distribution,  and  it  is  interesting  to  note  that 
elaborate  numerical  approaches  are  no  longer  required. 

A  preliminary  OSRC  study  using  the  first-  and  second-order 
operators  is  reported  in  [8]  for  the  electromagnetic  scattering 
by  a  two-dimensional  circular  conducting  scatterer  for  TM 
and  transverse  electric  (T£)  plane  wave  excitations.  The 
validation  data -for  the  induced  surface  current  and  the  bistatic 
radar  cross  section  with  the  application  of  second-order  OSRC 
operator  show  agreement  in  the  illuminated  region  for  both 
the  TM  and  TE  excitations.  But  the  results  are  inconclusive 
with  respect  to  very  low  level  field  distribution  in  the  deep 
shadow  region  for  the  TM  excitation,  and  similarly,  are 
inconclusive  to  predict  creeping  wave  fields  deep  in  the 
shadow  region  for  the  TE  excitation.  In  fact,  using  the  third 
and  fourth  higher  order  OSRC  operators  a  detailed  study  is 
assessed  in  [14]  for  the  OSRC  analysis  of  scattering  by  a 
circular  conducting  object  for  both  TM  and  TE  excitations.  1 
Even  though  a  third-  or  a  fourth-order  differential  equation  is 
to  be  solved  for  the  application  of  higher  order  OSRC 
operators,  the  investigation  [14]  predicts  the  distribution  of 
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low  level  fields  with  the  TM  excitation,  and  similarly,  pre¬ 
dicts  behavior  of  creeping  wave  fields  deep  in  the  shadow 
region  with  the  TE  excitation.  In  a  separate  study,  the 
application  of  second-order  OSRC  is  also  extended  for  the 
analysis  of  electromagnetic  scattering  and  penetration  by  a 
homogeneous  convex  dielectric  object  111],  [12],  Further,  in 
the  OSRC  study  reported  in  [8]  for  the  cases  of  thin  strip  and 
square  scatterer,  the  dominant  effect  of  the  singular  electric 
currents  at  the  geometric  comers  are  not  considered,  but  only 
the  physical  optics  type  currents  are  taken  into  account  in  the 
calculation  of  radar  cross  section. 

For  considering  application  to  engineering  oriented  prob¬ 
lems,  this  paper  presents  a  simple  and  approximate  analysis 
to  include  the  additional  effects  due  to  radiation  from  the 
sharp  comers  [4],  [6],  [14]  so  that  arbitrary  cross-sectional 
convex  geometries  consisting  of  arbitrary  edges  and  comers 
can  be  systematically  analyzed.  For  the  scattering  geometries 
considered,  it  is  shown  that  the  second-order  OSRC  result  for 
the  induced  electric  current  has  a  some  relevance  to  the 
electric  currents  of  the  physical  theory  of  diffraction.  Two 
canonical  conducting  objects,  such  as  a  triangular  shaped 
scatterer  and  a  thin  strip  scatterer  are  analyzed  for  the  plane 
wave  excitation  with  TM  polarization  to  evaluate  the  simple 
and  approximate  analytical  results  reported  in  this  paper. 
Comparative  data  for  the  monostatic  as  well  as  the  bistatic 
radar  cross  section  are  also  presented  by  comparing  the 
second-order  OSRC  results  with  respect  to  the  numerical 
solution  obtained  by  solving  the  electric  field  integral  equa¬ 
tion  based  on  the  method  of  moments  technique  [3],  Similar 
analytical  study  [14]  can  also  be  considered  for  a  plane  wave 
excitation  with  TE  polarization,  and  is  reported  separately. 

n.  Formulation— TM  Polarization 

Let  us  consider  a  two-dimensional,  convex,  conducting 
scatterer  having  an  arbitrary  cross  section  with  arbitrary 
edges  and  comers.  It  is  excited  normally  by  a  TM  polarized 
plane  wave  as  shown  in  Fig.  1.  The  scatterer  is  assumed  to 
be  uniform  in  z  coordinate  direction  and  the  various  electric 
and  magnetic  field  quantities  are  independent  of  the  z  coordi¬ 
nate  variation.  The  cross  section  of  the  arbitrary  conducting 
scatterer  is  contained  in  region  2  and  is  bounded  by  a  contour 
Cs.  Outside  region  2  is  region  1  representing  an  isotropic 
free  space  medium.  Referring  to  Fig.  1,  let 

(E*,  HJ):  scattered  electric  and  magnetic  fields  in  region  1 
(£‘,H'):  incident  electric  and  magnetic  fields  in  region  1. 

For  the  TM  polarized  excitation,  the  z  component  of  the 
incident  plane  wave  electric  field  can  be  written  as 

E‘z{p,4>)  =  »*<*-*'>  (j) 

where 

k  :  propagation  constant  of  the  free  space  medium 

0':  incident  angle  of  the  exciting  TM  plane  wave. 

Further,  the  z  component  of  scattered  electric  field  [1],  [2]  in 
the  regions  1  is  obtained  by 

£’(p)  =  j  [y(p,  p')  +/(p,p')]  ds'  (2a) 


-sAf)—. — 

where  the  two-dimensional  Green’s  function 
4  J 


(2b) 

(2c) 

(2d) 


H^]  is  the  Hankel  function  of  second  kind  and  zero  order 
On  the  scatterer  boundary  contour  Cs,  ri  and  s'  represent 
the  normal  and  the  tangential  variables  along  the  correspond¬ 
ing  unit  vectors  given  by 

h'  *  x'  cos  *'  +  y  sin  ♦'  (3a) 

s’  *  -jr'sin#' +  ^'cos*'.  (3b) 


is  the  angle  of  the  normal  unit  vector  with  respect  to  x 
coordinate  axis 

On  referring  to  (2a),  the  scattered  electric  field  at  any  point 
outside  the  conducting  scatterer  can  be  calculated,  if  the 
scattered  electric  field  and  the  normal  derivative  of  the 
scattered  electric  field  are  known  along  the  boundary  contour 
Cs.  To  determine  these  two  unknown  field  quantities,  the 
following  two  near-field  boundary  relationships  are  utilized. 
The  relationship  for  the  scattered  electric  field  is  obtained  by 
enforcing  the  regular  conducting  boundary  condition  that  the 
tangential  z  component  of  the  total  electric  field  is  equal  to 
zero  on  the  boundary  contour  Cs 

Ef(p')  -  -E[{f>),  ?  on  Cs.  (4) 


The  relationship  for  the  normal  derivative  of  scattered  elec¬ 
tric  field  is  obtained  by  (invoking  directly  on  the  boundary 
contour  Cs)  the  second-order  on-surface  radiation  boundary 
condition  [8],  [10],  [14]  for  the  outgoing  scattered  cylindrical 
waves.  According  to  the  OSRC  approach  [8],  the  axial 
component  of  the  scattered  electric  field  at  a  radial  distance  p 
should  satisfy  the  following  outgoing  radiation  boundary 
condition  in  terms  of  radial  coordinate  variables 


*2*!“  - 


1  a2 

p2  30: 


■Ei  +  (2  jk  +  - 
p 


„ ,  2  ^jk  3 
■2*J  +  -  +  — F 

p  4p 


a 

—  Es 
dp  * 

•£*  *  0(p-9/2) .  (5a) 
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The  above  second-order  OSRC  boundary  operator  yields  a 
relationship  for  the  normal  derivative  of  scattered  electric 
field  on  the  conducting  scatterer  and  is  given  by 


corner 


*e'M 

bn' 


+  jk  + 


Jt2W 


EM 


,  .  J  ,8^(y)  (5b) 
2[k  - 

{(s')  is  the  curvature  of  the  osculating  circle  at  location  s'  on 
contour  C, 

—  =  —  Xr2 [sin2  #'cos2  <t>‘  +  cos2  *'sin2  <t>‘ 

3s'2  1 

-  2  sin  cos  *' cos  <t>‘  sin  <£']  £*(  p ') .  (5c) 

The  two  boundary  conditions  (4)  and  (5b)  for  the  scattered 
electric  field  and  its  normal  derivative  on  the  contour  C,  are 
now  substituted  into  expressions  (2b)  and  (2c),  and  the 
scattered  electric  near-field  distribution  in  region  1,  expres¬ 
sion  (2a),  can  be  calculated  for  a  given  arbitrary  boundary 
contour  C Further,  for  the  case  of  TM  excitation,  the  z 
directed  induced  electric  current  on  the  conducting  scatterer 
is  directly  proportional  to  the  normal  derivative  of  the  total 
electric  field  and  is  given  by 

(6) 

where  tj  is  the  intrinsic  impedance  of  region  1.  The  far-field 
distribution  can  also  be  derived  using  the  expression  (2a) 
with  the  two-dimensional  Green’s  function  term  (2d)  replaced 
with  its  large  argument  approximation. 

HI.  Conducting  Triangular  Scatterer 

To  illustrate  a  procedure  to  analyze  an  arbitrary  convex 
conducting  scatterer  with  edges  and  comers,  and  to  obtain  a 
simple  analytical  solution  by  performing  the  integration  along 
the  close  boundary  contour  C,,  a  triangular  scattering  geome¬ 
try  of  Fig.  2,  with  three  straight  edges  and  three  wedge  type 
comers  is  considered.  At  the  sharp  comers,  there  exists  a 
geometrical  discontinuity  and  thus  the  curvature  of  the  oscu¬ 
lating  circle  for  the  comer  region  is  undefined.  In  order  to 
overcome  this  difficulty,  the  sharp  comers  of  the  scattering 
geometry  are  rounded  off  [13],  [14]  by  smooth  contours,  for 
example,  small  circular  regions  are  inserted  with  a  limiting 
radius  e  and  centered  at  the  comers.  A  virtual  boundary 
contour  C„  is  now  drawn  enclosing  the  conducting  scatterer 
such  that  it  is  always  parallel  to  the  original  boundary 
contour  Cs  and  is  also  drawn  tangential  to  each  of  the  small 
limiting  circles  located  at  the  geometrical  sharp  comers  as 
shown  in  Fig.  2.  In  a  limit  as  the  radius  «  tends  to  zero,  the 
virtual  boundary  contour  Cu  exactly  coincides  with  the  origi¬ 
nal  boundary  contour  Cs  of  the  conducting  scattering  object. 
On  referring  to  expression  (2)  and  Fig.  2,  the  z  component 
of  scattered  electric  field  at  any  point  in  the  region  1  is  given 
by 

£j(p)  =  lim  £  [y(p,  p)  +/(?,  />')]  ds'.  (7) 

i-0  j  r 


corner 
m  -  1 


corner 


m  »  2 


Fig.  2.  Geometry  of  triangular  conducting  scanerer— TM  excitation. 

Cv  are  contour  segments  FA  +  AB  +  BC  +  CD  +  DE  + 
EF  where  the  virtual  contour  Cu  enclosing  the  triangular 
scatterer,  is  split  into  six  segments.  The  terms  in  integrand  of 
the  integral  expression  (7)  are  completely  known  in  terms  of 
the  geometrical  parameters  of  the  scattering  object  and  the 
plane  wave  incident  field.  Since  the  radius  of  the  limiting 
circle  located  around  the  comers,  m  ■  1,2,  and  3,  is  very 
small  and  in  a  limit  tends  to  zero,  it  is  assumed  that  the 
integrand  of  (7)  does  not  vary  along  the  arc  length  of  the 
limiting  circle.  Hence,  the  integral  expression  for  the  scat¬ 
tered  electric  field  distribution  in  region  1  simplifies  to  the 
sum  of  two  specific  terms  consisting  of  the  three  smooth  edge 
contributions  and  the  three  comer  contributions  with  explicit 
dependence  on  the  angle  of  incidence  of  TM  plane  wave 
excitation,  and  is  given  by 

EiWm  l  +/  +/  1[^(p.p') +/(?,?)]&' 

J  OP  J  PQ  J  QOj 

+  E  -  0m)H!P  ■ 

m-  1  3Z  J 

By  taking  the  large  argument  approximation  for  the  Green’s 
function  (2d),  expression  (8)  can  be  conveniently  simplified 
to  obtain  an  analytical  solution  for  the  scattered  electric  far 
field  distribution.  Hence,  in  the  far-field  region,  (8)  yields 
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+  jk{Too  +  cos($  -  #go)} 

1  -  e-Jy«oLi ' 

•  .  - - -  (9c) 

jy<2<> 

and 

Cm  -  ^(t  -  (9d) 

where  the  various  angular  terms  are  given  by 

Top  ■  1  ~  2  {sin2  *OP  cos2  +  coj2  *°p  sin2 

-  2  sin  i'0P  cos  t'0P  cos  <t>‘  sin  ♦'}  (10a) 

Top  =  -cds  (<t>'0p  -  </>')  +  cos  (<t>'0p  -  ♦)]  (10b) 

tpq  ~  1  “  sin2  ♦'  (Ha) 

Tp<?  =  *[-W  +  sin  *]  (lib) 

c*pQ  =  *[-c°s  ♦' +  cos  ♦]  cos  5|  (11c) 

tqo  ■  1  ~  j  {sifl2  *<?°  co&2  ^  +  cos2  *<?o  sin* 

-  2  sin  ♦go  cos  b'QO  cos  <*>'  sin  ♦'}  (12a) 

T QO  =  *[cos  (0'qo  -  0')  -  cos  (<t>'QO  -  <*)] .  (12b) 

The  radar  cross  section  of  the  conducting  triangular  scat- 
terer  can  now  be  calculated  using  the  far-field  expression  (9a) 

RCS  Hf$f-  (13) 

Similar  to  the  treatment  in  physical  theory  of  diffraction  [4], 
[6],  the  scattered  electric  field  distribution  can  be  viewed  as 
the  contribution  from  the  induced  electric  currents  on  the 
triangular  shaped  conducting  scatterer.  It  consists  of  the 
contribution  due  to  currents  on  the  three  smooth  edges  and 
the  localized  currents  due  to  the  three  corner  effects.  As  can 
be  seen,  the  distribution  of  the  electric  current  due  to  comer 
effects  is  only  approximate.  In  the  context  of  presenting  a 
simple  and  an  approximate  analytical  solution,  the  comer 
effects  are  considered  only  due  to  the  dominant  curvature 
effect,  but  the  remaining  minor  contribution  [15]  due  to  slope 
of  the  radius  of  curvature  is  excluded.  The  z  directed  in¬ 
duced  electric  current  distribution  at  any  point  along  the 
triangular  edge  OP  is  given  by 

Jz{p)  =  Jz{p)  !  edge  effect  +  ^  (  P')  I  comen  •  P  00  OP. 

( 14a) 

Using  (1),  (5b),  and  (6),  the  electric  current  due  to  edge 
effect  is  given  by 


If  1  ,  , 

-  1  -  —  {sin2  ♦; 
V  2 


cos2  ♦'  +  cos2  ♦op  sin2  ♦' 


-  2  sin  ♦op  cos  ♦op  cos  ♦'  sin  ♦'} 

-cos(^p-  ♦/)pi(£op)-  (14c) 

Further,  in  (8),  the  scattered  electric  field  distribution  due  to 
the  three  wedge  type  comers  can  be  viewed  as  the  contribu¬ 
tion  due  to  the  localized  electric  current  distributions  which 
principally  exist  at  the  three  comers  m  =  1,  2,  and  3  of  the 
scatterer  in  the  form  of  isolated  line  sources  with  weighted 
amplitudes  corresponding  to  the  internal  wedge  angle  0m  and 
the  angle  of  TM  incident  excitation. 

Based  on  (9a)  and  (13),  Fig.  3(a)  shows  the  monostatic 
radar  cross  section  in  decibels  for  the  case  of  a  perfectly 
conducting  triangular  scatterer  as  a  function  of  monostatic 
angle  ♦  =  »  +  ♦'.  For  the  triangular  scatterer.  the  dimen¬ 
sions  are  selected  as  kLy  =  kL2  =  10  and  the  angle  0,  = 
t/3  which  corresponds  to  an  equilateral  triangular  scatterer. 
The  OSRC  result  for  the  radar  cross  section  shown  in  Fig. 
3(a)  is  also  compared  with  an  alternative  numerical  solution 
obtained  based  on  the  electric  field  integral  equation  [3]  for  a 
two-dimensional  conducting  scatterer.  The  electric  field  inte¬ 
gral  equation  is  solved  using  the  method  of  moments  numeri¬ 
cal  scheme  with  a  resolution  of  20  pulse  samples  for  every 
half-wavelength.  Two  types  of  monostatic  comparison  data 
are  presented  in  Fig.  3(a).  If  the  three  comer  effects  are 
excluded,  the  comparison  between  OSRC  and  integral  equa¬ 
tion  monostatic  data  is  poor  for  certain  incident  angles.  With 
the  three  comer  effects  included,  a  better  comparison  is 
obtained  for  various  excitation  angles  including  broadside 
and  grazing  angles  of  incidence.  Similarly,  Fig.  3(b)  shows 
comparative  result  for  the  bistatic  radar  cross  section  in 
decibels  for  the  same  triangular  scatterer  with  broad  side 
excitation  on  one  edge. 

IV.  Conducting  Thin  Strip  Scatterer 

In  order  to  illustrate  further  the  application  of  the  integral 
expression  (7)  and  to  obtain  a  simple  analytical  solution  by 
performing  the  integration  along  the  close  boundary  contour 
Cs,  a  thin  strip  scattering  geometry  of  Fig.  4  with  one 
straight  edge  and  two  comers  is  considered.  Again,  the  two 
sharp  comers  of  the  thin  strip  scattering  geometry  are  rounded 
off  [13],  [14]  by  inserting  small  circular  regions  with  a 
limiting  radius  e  and  centered  at  the  comers.  A  virtual 
boundary  contour  C„  is  now  drawn  enclosing  the  thin  strip 
scatterer  such  that  it  is  always  parallel  to  the  original  bound¬ 
ary  contour  Cs  and  is  also  drawn  tangential  to  each  of  the 
small  limiting  circles.  Referring  to  the  Fig.  4,  in  a  limit  as 
the  radius  e  tends  to  zero,  the  virtual  boundary  contour  Cu 
exactly  coincides  with  the  original  boundary  contour  Cs  of 
the  scattering  object.  Now,  the  axial  component  of  scattered 
electric  field  at  any  point  in  region  1  is  given  by 


Jz{p) 


edge  OP 


a  E‘(p') 

E\(p)  =  Iim 

b n' 

bn’  ’ 

«— o  J  ( 

P  on  OP  (14b) 


Cu  are  contour  segments  DA  +  AB  +  BC  +  CD  and  where 
the  virtual  contour  Cu  enclosing  the  thin  strip  scatterer,  is 


A187 


UMA3HANXAA-  tt  ti.:  IM  SCATT1IUNG  BY  2-0  CONDUCTINO  OBIBCT 


1669 


Fig.  3.  Monos  tide  radar  crow  lection  of  triangular  conducting  scatterer 
using  second-order  OSRC— TM  excitation,  (b)  Bistatic  radar  cross  section  of 
triangular  conducting  scatterer  using  second-order  OSRC— TM  excitation, 
*'  *  180. 


Fig.  4.  Geometry  of  thin  strip  conducting  scatterer— TM  excitation. 


tions,  m  =  l  and  2,  and  is  given  by 

^(p)  =  f  /  +  /1  [^(p.  7) +/(?.?)]*' 

y  op  J  poi 

(i6) 


By  taking  the  large  argument  approximation  for  the  Green's 
function  (2d),  (16)  can  be  conveniently  simplified  to  obtain 
an  analytical  solution  for  the .  scattered  electric  far  field 
distribution.  Hence,  in  the  far-field  region,  (16)  yields 

E]!(p,$)~  ^£■^■■['4°  +  C,  +  C1\E0—-j=jr-  (17a) 

A°m[L*L\ 

+J‘kco s(*  -  *')3(pO 

.ejkS  c«  ^  (l7b) 


and 


=  Jk{  Top  ~  sin  <t>} 


ghopL  _  ] 


+  jk{TPO  +  sin  <t>} 


C'’V 


jyop 

1  _  g-JypoL 
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Cj  =  —re~JkL  (co»4'-cm*1 
8 

where  the  various  angular  terms  are  given  by 


(17c) 

(I7d) 

(17e) 


split  into  four  segments.  The  terms  in  integrand  of  the 
integral  expression  (15)  are  completely  known  in  terms  of  the 
geometrical  parameters  of  the  thin  strip  and  the  plane  wave 
incident  field.  Since  the  radius  of  the  limiting  circle  located 
around  a  comer  is  very  small  and  in  a  limit  tends  to  zero, 
again  it  is  assumed  that  the  integrands  of  (15)  do  not  vary 
along  the  arc  length  of  the  limiting  circle.  Hence,  the  integral 
expression  for  the  scattered  electric  field  distribution  in  re¬ 
gion  1  simplifies  to  the  sum  of  two  specific  terms  consisting 
of  the  .rr.ooth  edge  contribution  and  the  two  comer  contribu- 


Top  =  1  -  -  cos2  & 

(18a) 

"fop  -  £[  -  cos  <t>‘  +  cos  d>] 

(18b) 

Tpo  =  1  -  —  cos2  4>' 

(19a) 

y po  =  £[cos  <t>‘  -  cos  d>] . 

(19b) 

The  radar  cross  section  of  the  conducting  thin  strip  scat¬ 
terer  can  now  be  calculated  using  (13).  A  similar  monostatic 
radar  cross  section  result  is  also  reported  in  [13]  using  elliptic 
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^coordinates  where  the  virtual  contour  C,  is  selected  as  an 
elliptic:  boundary  and  the  thin  strip  scatterer  is  simulated  by 
'  taking  the  limit  as  the  minor  axis  of  the  ellipse  tending  to 
■  zero  and  the  major  axis  tending:to  length  of  the  thin  strip 
scatterer.  It  is  interesting  to  note. that  the  analytical  result 
obtained  in  this  section  for  the  thin  strip  scatterer  also  can  be 
verified  based  on  the  analytical  result  of  the  triangular  scat¬ 
terer,  (8)~(12),  by  substituting  the  side  lengths  I,  ■  Lj  ■  L, 
the  angles  5,  ■  0  and  62  ■  0.  The  z  directed  induced  elec¬ 
tric  current  distribution  at  any  point  on  the  strip  is  given  by 

W)  =  {Jz-(t')  -  ■'«+(*’)}  I* ig  effec,  +  •/*(?)  I  con«„ 

fi  on  strip.  (20a) 

Again,  the  scattered  electric  field  distribution  can  be  viewed 
as  the  contribution  from  the  induced  electric  currents  on  the 
thin  strip  conducting  scatterer.  It  consists  of  the  contribution 
due  to  currents  on  two  sides  of  the  smooth  edge  and  the 
currents  due  to  the  two  comer  effects.  As  discussed  earlier, 
in  the  context  of  presenting  a  simple  and  an  approximate 
analytical  solution,  the  comer  effects  are  considered  only  due 
to  the  dominant  curvature  effect,  but  the  remaining  minor 
contribution  [15]  due  to  slope  of  the  radius  of  curvature  is 
excluded.  Using  (1),  (5b),  and  (6),  the  electric  current  distri¬ 
bution  on  the  thin  strip  scatterer  is  calculated  as  the  difference 
between  the  induced  current  on  the  bottom  contour  AB  and 
the  top  contour  CD  in  a  limit  as  e  tends  to  zero,  and  is  given 
by 

~J  ffg(£)  .  *3(7)1 

^(P)  led,.  03*=  nk  dn,  +  bn,  j* 

p'  on  OA._  +  OA 

=  — sin  w.  (20b) 
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In  (16),  the  scattered  electric  field  distribution  due  to  the  two 
wedge  type  comers  can  be  viewed  as  the  contribution  due  to 
the  electric  current  distribution  which  principally  exists  at  the 
two  comers  m  =  1  and  2  of  the  scatterer  in  the  form  of 
isolated  line  sources  with  weighted  amplitudes  corresponding 
to  the  internal  wedge  angles  and  the  angle  of  TM  incident 
excitation.  Based  on  (13)  and  (17a),  Fig.  5(a)  shows  the 
monostatic  radar  cross  section  in  decibels  for  the  case  of  a 
perfectly  conducting  thin  strip-  scatterer  ay  a  function  of 
monostatic  angle  =  t  +  The  dimension  of  the  strip 
scatterer  is  selected  as  kL  =  10  and  the  angle  /S,  =  0.  The 
OSRC  result  for  the  radar  cross  section  shown  in  the  Fig. 
5(a)  is  also  compared  with  the  numerical  solution  obtained 
based  on  the  electric  field  integral  equation  [3].  The  electric 
field  integral  equation  is  solved  using  the  method  of  moments 
numerical  scheme  with  a  resolution  of  20  pulse  samples  for 
every  half-wavelength.  Two  types  of  monostatic  comparison 
data  are  presented  in  Fig.  5(a).  If  the  two  comer  effects  are, 
excluded,  the  comparison  between  OSRC  and  integral  equa¬ 
tion  monostatic  data  is  poor  for  certain  incident  angles.  With 
the  two  comer  effects  included,  a  better  comparison  is  ob¬ 
tained  for  various  excitation  angles  including  broadside  and 
grazing  angles  of  incidence.  Similarly,  Fig.  5(b)  shows  com- 


"  a 0  1  10  130  150  170  190  210  230  250  270 
9  (bistatic  angle) 

(b) 

Fig.  5,  Monostatic  radar  cross  section  of  thin  strip  conducting  scatterer 
using  second-order  OSRC— TM  excitation,  (b)  Bistatic  radar  cross  section  of 
thin  strip  conducting  scatterer  using  second-order  OSRC— TM  excitation, 
9'  =  90. 


parative  result  for  the  bistatic  radar  cross  section  in  decibels 
for  the  same  thin  strip  scatterer  with  broad  side  excitation. 

V.  Conclusion 

With  engineering  applications  in  mind,  this  paper  pre¬ 
sented  a  simple  and  an  approximate  analytical  solution  for  the 
analysis  of  electromagnetic  scattering  by  a  perfectly  conduct¬ 
ing  two  dimensional  object  by  invoking  on-surface  radiation 
condition  theory,  The  close  form  analytical  result  for  the 
induced  electric  current  distribution  and  the  radar  cross  sec- 
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tion  is  applicable  to  the  .case  of  a  convex  conducting  object 
having  two  dimensional  cross  section  with  arbitrary  edges 
and  comers.  Canonical  scattering  objects,  such  as,  a  triangu¬ 
lar  shaped  scatterer  and  a  thin  strip  scatterer  are  analyzed, 
and  numerical  data  concerning  both  the  monostatic  and  the 
bistatic  radar  cross  section  for  the  transverse  magnetic  excita¬ 
tion  are  presented  with  comparison  to  assess  usefulness  of  the 
results.  Similar  study  of  the  two  dimensional  conducting 
scatterer  is  also  undertaken  for  the  transverse  electric  excita¬ 
tion  and  is  reported  separately. 
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W*  report  the  initial  result*  for  femtosecond  electromagnetic  soLiton  propagation  and  collision  obtained  from 
first  principles,  i.e..  by  a  direct  time  integration  of  Mazerell’t  equations.  The  time  integration  efficiently  imple- 
menu  linear  and  nonlinear  convolutions  for  the  electric  polarisation  and  can  take  into  account  such  quantum 
effects  as  Kerr  and  Raman  interactions.  The  present  approach  is  robust  and  should  permit  the  modeling  of 
two-  and  three-dimensional  optical  soli  ton  propagation,  scattering,  and  switching  from  the  full-vector  Maxwell's 
equations. 


This  Letter  introduces  a  direct  solution  to  Maxwell’s 
vector-field  equations  suitable  (in  principle)  for  mod¬ 
eling  the  propagation  and  scattering  of  optical 
pulses,  including  solitons,  in  inhomogeneous  nonlin¬ 
ear  dispersive  media.  We  believe  that  this  approach 
will  eventually  provide  a  modeling  capability  for 
millimeter-scale  integrated  optical  circuits  beyond 
that  of  existing  techniques  tiiat  use  the  generalized 
nonlinear  Schrddinger  equation  (GNLSE). 

In  Ref.  1,  we  discussed  an  efficient  finite- 
difference  time-domain  (l-’D-TD)  numerical  ap¬ 
proach  for  the  dire  :t  time  integration  of  Maxwell’s 
equations  to  model  linear  media  that  have  arbitrary- 
order  chromatic  dispersions.  The  approach  was 
based  on  a  suggestion  by  Jackson2  to  relate  D(t)  to 
E(t)  with  an  ordinary  differential  equation  in  time 
integrated  concurrently  with  the  Max  well  equations. 
In  this  manner,  we  computed  reflection  coefficients 
accurate  to  better  than  6  parts  in  10,000  over  the 
frequency  range  of  dc  to  3  x  10“  Hz  for  a  single 
0.2-fis  Gaussian  pulse  incident  upon  a  Lorentz  half¬ 
space  and  obtained  new  results  for  the  Sommerield 
and  Brillouin  precursors. 

In  this  Letter,  we  report  a  generalization  of  the 
above  to  deal  with  the  nonlinear  terms  of  the  electric 
polarization.  The  FD-TD  direct  time  integration  of 
Maxwell’s  equations  can  now  incorporate  nonlinear 
instantaneous  and  nonlinear  dispersive  effects  as 
well  as  linear  dispersive  effects,  thereby  permitting 
the  modeling  of  optical  solitons  that  have  large  in¬ 
stantaneous  band  idtha. 

We  iga>n  consult  a  one-dimensional  problem  with 
field  aompeneuts,  F,  and  H„  propagating  in  the  x  di¬ 
rection.  Assuming  that  the  medium  is  nonperme- 
able  and  isotropic,  we  see  that  Maxwell’s  equations  in 
one  dimension  are  written  as 


dH,  ^  1  dE, 
dt  po  dx 
dD,  dH, 
dt  dx  ' 


(la) 

(lb) 


E,  *  ~  +  ****•) 

Co 


(10 


Here  we  asssume  that  the  polarization  consists  of 
two  parts:  a  linear  part  Pn  and  a  nonlinear  part 
P.*y  P.l  is  given  by  a  linear  convolution  of  E,(x,  t) 
ana  the  susceptibility  function  *ai. 


Pn(x,  t )  *  Co 


nE,(x,t')dt', 


(2a) 


and  P,NL  is  given  by  a  nonlinear  convolution  of 
E,(x,  t )  and  the  third-order  susceptibility  *13), 

P,Hl(x,t)  ■«•/_//  -  t,,t  -  h) 


x  E,(x,  ti)E,(x,  tj)E,(x,  fa)df id/jdfa .  (2b) 


This  provides  the  physics  of  a  nonlinearity  with 
time  retardation  or  memory,  i.e.,  a  dispersive  non¬ 
linearity  that  can  occur  because  of  quantum  effects 
in  silica  at  time  scales  of  1-100  fs.  Note  that  *l3) 
may  differ  from  *,l)  in  physical  properties  such  as 
resonances  and  dampings. 

We  consider  a  material  having  a  Lorentz  linear 
dispersion  characterized  by  the  following  *(1’: 

2 

Xil,(t)  »  0ij  Vot 

Vo 


-*  «(«) 


F’W)] 

wo’fe,  -  Cm) 

Cm  A-  j  .»  2 
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where  =  <n0i(e,  -  c.)  and  o0J  *  o»0‘  -  S*/4. 
Further,  the  material  nonlinearity  is  assumed  to  be 
characterized  by  the  nonlinear  single  time  convolu¬ 
tion  for  PIHl* 

PtNl(x,t)  =  <«  x(3)E,(x,t) 

X  |  -  n  +  (1  -  a)g*(t  -  *')]£,  W)dt*.  (4) 


Here  *'31  is  the  nonlinear  coefficient,  <$(f)  models 
Kerr  nonresonant  virtual  electronic  transitions 
on  the  order  of  about  1  fs  or  less,  g*(t)  =» 
t(r,J  +  T12)/r,ra,]e',/T»  sin(f/rj)  and  models  transient 
Raman  scattering,  and  a  parameterizes  the  relative 
strengths  of  the  Kerr  and  Raman  interactions.  Ef¬ 
fectively,  gR(t)  models  a  single  Lorentiian  line  that  is 
centered  on  the  optical  phonon  frequency  l/r(  and 
has  a  bandwidth  of  l/ra  (the  reciprocal  phonon 
lifetime). 

We  now  describe  a  system  of  coupled  nonlinear  or¬ 
dinary  differential  equations  to  characterize  the 
physics  of  Eqs.  (3)  and  (4).  Assuming  zero  initial 
conditions  at  /  *  0,  we  define  the  functions  F(t) 
and  G(t),  respectively,  as  the  linear  and  nonlinear 
convolutions, 


F(t)  -  <o 

(  x"’(t  ~  f)E,(x,t')dt\ 

'0 

(5) 

G(t)  -  to 

[  gn(t  -  f)E,\x,f)df. 

Jo 

(6) 

Then,  F  and  G  satisfy  the  following  coupled  system 
of  nonlinear  ordinary  differential  equations: 

r, ,  *. - «. 

o»oJ  d t2  Wo1  dt  «„  +  ax^'E2 

.  (g.  -  «■)(!  -  a)x{3'EG  (a,  -  tm)D 

€.  +  axi3)E2  “  €.  +  ax^'E*'  (  ) 


J_d ]G  J_dG 
W  dt2  +  w02  dr 


(1  -  q)^(,,E>1 
«.  +  ax[*E2\ 


EF  DE 

+  e.  +  ax("E*  “  c.  +  ax{t'E*'  (8) 
where  5  *  2/ra  and  «oJ  -  (1/r,)*  +  (1/tj)*.  Equa¬ 
tions  (7)  and  (8)  are  first  solved  simultaneously  for  F 
and  G  at  the  latest  time  step  by  using  a  second- 
order-accurate  fini'  ? -difference  scheme  that  oper¬ 
ates  on  data  for  the  current  value  of  D  and  previous 
values  of  D,  E,  F,  and  G.  Only  two  time  revels  of  stor¬ 
age  are  required  with  this  approach.  Then,  the 
latest  value  of  E  can  be  obtained  by  means  of 
Newton’s  iteration  of  the  following  equation,  using 
the  new  values  of  D,  F,  and  G: 


D-F-q-  a)x"'EG 
E  e, «-  +  axii}E*)  (9) 

The  algorithm  for  the  system  of  Eqs.  (7),  (8),  and  (9) 
is  inserted  to  implement  Eq.  (lc).  This,  combined 
with  the  usual  FD-TD  realization  of  Eqs.  (la)  and 
(lb),1  makes  up  the  complete  solution  method. 

We  now  demonstrate  the  integration  of  Maxwell’s 
equations  to  obtain  soliton  dynamics.  A  pulsed  opti¬ 
cal  signal  source  is  assumed  to  be  located  at  x  =  0. 
The  pulse  is  assumed  to  have  unity  amplitude  of  its 
sinusoidal-carrier  electric  field,  a  carrier  frequency 


ft  *  1.37  x  1014  Hz  (o>{  ■  8.61  x  1014  rad/s),  and  a 
hyperbolic-secant  envelope  function  with  a  charac¬ 
teristic  time  constant  of  14.6  fs.  Approximately 
seven  cycles  of  the  carrier  are  contained  within  the 
pulse  envelope,  and  the  center  of  the  pulse  coincides 
with  a  zero  crossing  of  the  sinusoid.  To  achieve  soli¬ 
ton  formation  over  short  propagation  spans  of  less 
than  200  jim,  we  scale  values  of  group-velocity  dis¬ 
persion  (3t  and  nonlinear  coefficient  **3).  For 
example,  let  c.  *  5.25e0,  e.  =  2.25c0,  «*0  -  4.0  x 
1014  rad/s,  5  *  2.0  x  10*  a-',**3'  =  7  x  lO"*(V/kn)'\ 
a  *  0.7,  rt  ■  12.2  fs,  and  ra  *  32  fs.  (The  last 
three  values  are  from  Ref.  4.)  This  results  in  Pi 
varying  widely  over  the  spectral  width  of  the  pulse; 
i.e.,  from  -7  to  -75  ps2/m  over  the  range 
(1.37  £  0.2)  x  10‘4  Hz.  Finally,  by  choosing  a  uni¬ 
form  FD-TD  space  resolution  of  5  nm  (■■Ao/300),  the 
numerical  phase  velocity  error  is  limited  to  approxi¬ 
mately  1  pert  in  10*.  small  compared  with  that  of 
the  physical  dispersions  being  modeled. 


Fig.  1.  Finite-difference  time-domain  results  for  the  op¬ 
tical  carrier  pulse  (linear  case)  after  it  has  propagated 
55  uni  and  126  ujq  in  the  Lorentz  medium. 


Fig.  2.  Finite-difference  time-domain  results  for  the  op¬ 
tical  soliton  carrier  pulse  that  correspond  to  the  observa¬ 
tion  locations  of  Fig.  1. 
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Fig.  3.  Red  shift  of  the  Fourier  spectrum  of  the  main 


propagating  soliton  of  Fig.  2. 


Grid  ceH 

Fig.  4.  Phase  lag  of  the  rightward-moving  daughter  soli¬ 
ton  aa  a  result  of  collisions  with  counterpropagating 
soli  tons. 

Figure  1  depicts'  the  FD-TD  computed  propagating 
pulse  for  the  liu.p.r  case  [^(*)  *  0]  observed  at 
n  »  2  x  104  ind  4  x  Id4  time  stepe,  correspond'  ng 
to  propagation  to  x  -  66  ptm  and  126  pm.  Note 
pulse  broadening,  diminiahing  amplitude,  and  car¬ 
rier  frequency  modulation  (>f,  on  the  leading  aide 
and  <  ft  on  the  trailing  aide),  which  cause  an  asym¬ 
metrical  shifting  of  the  envelope,  a  higher-order  dis¬ 
persive  effect.  Those  qualitative  features  of  the 
effect  of  anomalous  dispersion  have  been  predicted5 
but  until  now  have  not  been  computed  by  directly 
integrating  Maxwell’s  equations. 

In  Fig.  2,  we  set  xm  m  7  *  10*1  (V/m)'1,  which 
yields  a  soliton  that  retains  its  amplitude  and  width. 
However,  a  second,  low-amplitude  soliton  is  seen  to 
move  out  and  ahead  of  the  main  soliton.  The  carrier 
frequency  of  this  daughter  soliton  is  upshifted  to 
•4.9  x  10u  Hz,  approximately  3.6  times  that  of  the 
mam  soliton.  From  GNL3E  theory,  the  appearance 
of  the  daughter  soliton  is  predicted  because  of  the 
assumed  higher-order  dispersive  and  nonlinear 
effects.3  However,  GNLSE  theory  does  not  easily 


predict  the  carrier  frequency  shift  that  we  have 
computed  for  this  pulse.  Also,  in  both  cases  de¬ 
picted  in  Figs.  1  and  2,  by  observing  a  video  of  the 
pulse  evolution,  it  was  noted  that  the  phase  velocity 
of  the  carrier  was  substantially  greater  than  the 
group  velocity  of  the  envelope. 

Figure  3  depicts  the  Fourier  spectrum  of  the  main 
sotitons  shown  in  Fig.  2.  The  figure  shows  a  4-THz 
red  shift  and  a  sharpening  of  the  spectrum  as  the 
pulse  propagates.  From  GNLSE  theory,  the  red 
shift  is  predicted  because  of  the  Raman  effect’s3  4 
occurring  as  a  higher-order  dispersive  nonlinearity 
modeled  by  the  function  ge{t)  in  the  kernel  of  2q.  (4). 

Last,  we  consider  the  collision  of  two  counter- 
propagating  solitons.  They  are  identical  and  have 
all  the  parameter*  of  the  above  case.  As  is  charac¬ 
teristic  of  colliding  solitons.*  after  the  collisions, 
both  main  and  daughter  pulses  separate  and  move 
apart  without  changing  their  general  appearances. 
However,  there  are  lagging  phase  shifts  due  to  the 
collision:  12*  for  the  c«rrier  in  the  main  solitons 
and  31°  for  the  carrier  in  the  daughters.  To  illus¬ 
trate  this,  in  Fig.  4  we  plot  the  space  dependence  of 
the  central  part  of  the  rightward-moving  daughter 
for  the  original  uncollided  case  and  the  collided  case, 
with  both  curves  at  exactly  30,000  time  steps  of  the 
algorithm.  Such  phase  shit's,  not  easily  detected 
by  GNLSE,  may  be  a  basis  for  optical  switching 
devices. 

The  approach  of  this  Letter  assumes  nothing 
about  the  homogeneity  or  isotropy  of  the  optical 
medium,  the  magnitude  of  its  nonlinearity,  the  na¬ 
ture  of  its  variation,  and  the  shape  or  duration 
of  the  optical  pulse.  By  retaining  the  optical  carrier, 
the  new  method  solves  for  fundamental  quantities, 
the  optical  electric  and  magnetic  fields  in  space  and 
time,  rather  than  a  nonphysical  envelope  function. 
Thus  it  is  extendable  to  full-vector  optical  fields  in 
two  and  three  dimensions  to  permit  rigorous 
boundary-value  problem  studies  of  nonlinear  vector- 
wave  polarization,  diffraction,  scattering,  and  inter¬ 
ference  effects. 
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Abttraet— Developments  in  flnite-differcnct  time-domain  (FD- 
TD)  computational  modeling  of  Maxwell's  equations,  super¬ 
computer  technology,  and  computed  tomography  (CT)  imagery 
open  the  possibility  of  accurate  numerical  simulation  of  elec¬ 
tromagnetic  (EM)  wave  interactions  with  specific,  complex,  bi¬ 
ological  tissue  structures.  One  application  of  this  technology  is 
in  the  area  of  treatment  planning  for  CM  hyperthermia.  In  this 
paper,  we  report  the  first  highly  automated  CT  image  segmen¬ 
tation  and  interpolation  scheme  applied  to  model  patient-spe¬ 
cific  EM  hyperthermia.  This  novel  system  is  based  on  sophis¬ 
ticated  tools  from  the  artificial  intelligence,  computer  vision, 
and  computer  graphics  disciplines.  It  permits  CT- based  pa¬ 
tient-specific  hyperthermia  models  to  be  constructed  without 
tedious  manual  contouring  on  digitizing  pads  or  CRT  screens. 
The  system  permits  in  principle  near  real-time  assistance  in 
hyperthermia  treatment  planning.  We  apply  this  system  to  in¬ 
terpret  actual  patient  CT  data,  reconstructing  a  3-D  model  of 
the  human  thigh  from  a  collection  of  39  serial  CT  images  at  10 
mm  intervals.  Than,  using  FD-TD,  we  obtain  2-D  and  3-D 
models  of  EM  hyperthermia  of  this  thigh  due  to  a  waveguide 
applicator.  We  Bad  that  different  results  arc  obtained  from  the 
2-D  and  3-D  models,  and  conclude  that  frill  3-D  tissue  models 
are  required  for  friture  clinical  usage. 

I.  Introduction 

Much  evidence  has  emerged  from  clinical  studies  that 
hyperthermia,  i.e..  heating  of  tumors  to  tempera¬ 
tures  greater  than  42°C,  has  efficacy  as  an  adjuvant  to 
radiation  therapy  in  the  treatment  of  localized  superficial 
malignancies  (lj-(5),  However,  a  recent  study  by  the  Ra¬ 
diation  Therapy  Oncology  Group  has  cast  a  shadow  over 
the  earlier  promising  results  by  showing  no  significant  dif¬ 
ference  between  complete  response  rates  obtained  with 
and  without  hyperthermia  (6],  The  principal  reason  for 
these  poor  results  seems  to  be  inadequate  heating  of  the 
tumors,  especially  those  larger  than  3  cm  in  diameter  due 
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to  poor  coverage  with  external  microwave  applicators.  In 
hyperthermia  applications,  adequacy  of  tumor  coverage 
can  reasonably  be  related  to  the  extent  to  which  the  tumor 
is  enclosed  by  surfaces  of  50%  iso-SAR  (specific  absorp¬ 
tion  rate,  the  absorbed  power  density  in  watts/kg)  pro¬ 
duced  by  the  applicators. 

The  objective  is  to  heat  all  tumor  tissues  of  a  patient  to 
a  uniform  desired  temperature  without  overheating  sur¬ 
rounding  normal  tissues.  However,  this  is  difficult  be¬ 
cause  current  equipment  and  techniques  produce  poorly 
localized  nonuniform  heating  in  both  tumor  and  normal 
tissues.  This  is  further  complicated  by  the  cooling  pro¬ 
duced  by  significantly  varying  blood  perfusion  rates  within 
the  heated  volumes.  At  present,  heating  techniques  using 
electromagnetic  (EM)  energy  are  commonly  employed  in 
the  clinic  to  produce  therapeutic  temperatures  in  tumors 
(7).  A  number  of  factors  influence  the  SAR  patterns  from 
commonly  used  EM  applicators.  Significant  among  these 
are:  1)  the  effect  of  relative  applicator  positioning  with 
respect  to  the  defined  treatment  volume;  2)  the  means  of 
coupling  the  energy  from  the  applicators)  to  the  patient's 
surface;  and  3)  the  complex,  patient-specific  tissue  ge¬ 
ometry.  It  is  very  difficult  to  either  intuitively  visualize  or 
measure  these  effects,  especially  for  deep  tumor  treat¬ 
ments  where  the  SAR  patterns  are  strongly  affected  by 
internal  tissue  structures. 

Clearly,  accurate  patient-specific  computer  modeling  of 
hyperthermia  treatments  to  predict  SAR  distributions 
would  be  very  useful  for  pretreatment  evaluation  of  EM 
applicator  setups.  For  example.  Sathiaseelan  et  al.  [8] 
used  a  2-D  numerical  EM  model  to  investigate  the  effect 
of  phase  steering  with  an  annular  phased  array  applicator 
system.  The  results  of  this  numerical  study  we-e  then  used 
in  the  clinic  (o  devise  phase  steering  techniques  to  change 
the  SAR  patterns  to  improve  the  quality  of  treatments  and 
reduce  toxicity  (9).  Also,  patient-specific  numerical  sim¬ 
ulation  would  enable  parametric  treatment  studies  tc  b: 
performed  quickly  and  inexpensively  so  that  sensitive  and 
insensitive  parameters  could  be  identified.  These  studies 
would  also  help  to  evaluate  applicator-array  systems  now 
being  developed. 
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A  key  step  in  realizing  a  computerized,  patient-specific 
hyperthermia  treatment  planning  involves  the  develop¬ 
ment  of  an  accurate,  efficient  means  for  acquiring  detailed 
3-D  anatomical  tissue  data  for  each  patient.  Regardless  of 
the  power  of  the  EM  analysis  method,  the  modeling  re¬ 
sults  can  be  no  better  than  the  tissue  geometry  data  input. 
In  principle,  the  advent  of  computed  tomography  (CT) 
has  made  the  acquisition  of  accurate,  patient-specific  tis¬ 
sue  geometry  data  feasible.  However,  processing  the  in¬ 
formation  from  the  CT  data  base  to  generate  the  corre¬ 
sponding  3-D  dielectric  medium  data  for  the  EM  model 
can  be  difficult,  especially  if  automation  is  desired  to 
achieve  speed.  Problems  include:  1)  interpretation  of  the 
individual  CT  images  to  determine  tissue  and  organ  types 
and  locations  in  each  cross-section  cut;  and  2)  interpola¬ 
tion  or  connection  between  adjacent  CT  images  to  recon¬ 
struct  the  original  3-D  tissue  geometry.  The  first  issue  is 
very  complex,  currently  requiring  the  intervention  of  a 
human  expen. 

This  paper  describes  progress  made  by  our  interdisci¬ 
plinary  group  in  both  the  EM  modeling  and  CT-image 
interpretation  problems.  Section  II  repons  the  first  ana¬ 
lytical  validations  for  3-D  computational  EM  models 
based  on  the  finite-difference  time-domain  (FD-TD) 
method  [10]  for  aperture-type  hyperthermia  applicators. 
These  validations  involve  radiated  fields  from  open-ended 
waveguides  and  horns,  with  benchmark  data  provided  by 
the  frequency-domain  method  of  moments  (MM).  The 
validated  FD-TD  models  of  aperture  sources  are  used  later 
in  Section  IV  for  the  patient-specific  hyperthermia  stud¬ 
ies. 

Section  III  describes  the  first  automated  CT  image  pro¬ 
cessing  system  to  reconstruct  patient-specific,  3-D  tissue 
geometries  for  EM  hyperthermia  from  serial  CT  image 
data.  This  novel  system  is  based  on  sophisticated  tools 
from  the  artificial  intelligence,  computer  vision,  and  com¬ 
puter  graphics  disciplines  [1 1 )-[  14) .  It  permits  CT-based 
patient-specific  hyperthermia  models  to  be  constructed 
without  tedious  manual  contouring  on  digitizing  pads  or 
CRT  screens.  The  system  permits  in  principle  near  real¬ 
time  assistance  in  hyperthermia  treatment  planning. 

Section  IV  illustrates  the  entire  process  by  describing 
automated  2-D  and  3-D  patient-specific  models  of  EM  hy¬ 
perthermia  of  a  human  thigh  due  to  a  waveguide  appli¬ 
cator.  Here,  the  thigh  tissue  geometry  oata  base  is  derived 
by  combining  29  serial  CT  images  of  the  patient.  The  FD- 
TD  modeling  results  are  shown  as  contour  plots  of  the 
penetrating  electric  field  and  SAR.  We  find  that  different 
results  are  obtained  from  the  2-D  and  3-D  FD-TD  models, 
and  conclude  that  full  3-D  tissue  models  are  required  for 
future  clinical  usage. 

For  completeness,  we  note  that  two  distinct  physical 
modeling  problems  are  involved  in  the  patient-specific 
computer  simulation  of  hyperthermia  treatments:  1)  com¬ 
putation  of  the  absorbed  EM  power  distribution  in  tissue; 
and  2)  the  prediction  of  resulting  temperature  distribu- 


iv 

tions  using  a  suitable  thermal  model.  These  are  two  com¬ 
plex  problems  requiring  different  theoretical  bases  and  dif¬ 
ferent  tissue  property  and  physiological  data.  In  this 
paper,  only  the  patient-specific  EM  modeling  problem  is 
considered. 

II.  FD-TD  Modeling  Validations  for  Aperture 
Hyperthermia  Sources 

The  important  EM  issues  addressed  in  this  paper  are: 
1)  FD-TD  modeling  validations  for  aperture  hyperthermia 
sources;  and  2)  2-D  versus  3-D  modeling  quantification. 
This  section  will  focus  on  the  first  issue,  while  Section  IV 
will  consider  the  second.  These  are  key  areas  to  be  inves¬ 
tigated  to  ensure  that  EM  modeling  provides  clinically 
meaningful  answers,  and  to  advance  modeling  progress  in 
hyperthermia. 

A.  Background  of  EM  Modeling 

In  the  1970’s  and  early  1980's.  3-D  predictive  models 
of  EM  wave  absorption  by  biological  tissue  structures 
were  based  largely  on  the  frequency-domain  method  of 
moments  (MM)  using  space-filling  cubic  [15]  end  tetra¬ 
hedral  [16]  elements.  Yet,  because  MM  leads  to  systems 
of  linear  equations  having  dense,  full,  complex-valued 
coefficient  matrices,  the  required  computer  resources  pre¬ 
vented  modeling  of  arbitrary  3-D  structures  spanning  more 
than  a  few  wavelengths.  In  fact,  the  literature  indicates 
that  the  basic  MM  treatment  of  whole-body  human  tissue 
structures  culminated  in  models  having  in  the  order  of 
several  hundred  space  ceils,  each  of  multicentimeter  scale 
[17],  This  resolution  is  inadequate  to  provide  the  derails 
of  internal  tissue  structure  needed  for  patient-specific  hy¬ 
perthermia  treatment  planning. 

Theoretical  efforts  therefore  shifted  to  alternative  for¬ 
mulations  of  MM  which  promise  a  dimensional  reduction 
of  computer  resources.  One  such  formulation  (18)  ex¬ 
ploits  the  convolutional  nature  of  the  volume  integral 
equation  based  on  polarization  currents  to  permit  use  of 
the  fast  Fourier  transform  (FFT).  Although  tiiis  extends 
MM  modeling  to  structures  having  thousands  of  space 
cells,  it  may  provide  errors  in  SAR  calculations  for  EM 
excitations  having  transverse  electric  field  components 

[19] .  This  would  greatly  impede  the  application  of  FFT/ 
MM  cpproaches  to  the  important  3-D  tissue  case. 

An  alternative  to  frequency-domain  MM  formulations 
was  the  FD-TD  method  introduced  by  Taflove  in  1975 

[20] ,  (21),  based  in  part  on  an  algorithm  published  by  Yee 
[22]  in  1966.  FD-TD  is  a  direct  finite-difference  solution 
of  Maxwell's  time-dependent  curl  equations  implement¬ 
ing  a  marching-in-time  procedure  which  simulates  the  ac¬ 
tual  propagating  EM  waves  by  sampled  u„:«  numerical 
analogs,  'there  is  no  need  to  set  up  or  s  >lve  a  s  /stem  of 
linear  equations.  Thus,  FD-TD  compui itional  resources 
are  dimensionally  low  compared  to  VM.  Furthermore, 
unlike  the  FFT/MM  approaches,  whief  also  have  dimen- 
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sionally  low  computer  burdens,  FD-TD  has  been  shown 
to  be  robust,  providing  accurate  modeling  predictions  for 
a  wide  variety  of  EM  wave  interaction  problems  in  2-D 
and  3-D  [10],  A  subset  of  these  includes  biological  tissue 
interactions  (19],  (21],  (23],  including  detailed  (order  I- 
cm  resolution)  whole-human-body  dosimetry  under  plane- 
wave  illumination  (24],  and  detailed  partial-  or  whole- 
body  hyperthermia  modeling  (25J— (27] . 

The  increasing  availability  of  Crays  to  the  engineering 
EM  community  has  permitted  application  of  FD-TD  to 
model  EV  wave  interactions  with  arbitrary  3-D  structures 
approxim^.ely  ten  times  larger  in  electrical  size  than  MM 
(1000  times  larger  in  volume).  At  present,  the  largest  and 
fastest  reported  3-D  FD-TD  model  is  the  jet  engine  inlet 
modeled  by  Katz  and  Taflove  (28)  for  radar  cross  section. 
This  model,  implemented  on  the  Cray  Y-MP/8.  spans  30 
\g  in  3-D,  has  a  uniform  0.1  -  X„  resolution,  and  solves 
for  23 -million  unknown  vector  field  components.  The 
Cray  Y-MP/8  running  time  is  only  3  min,  40  s  per  illu¬ 
mination  angle  (180U  time  steps— 100  cycles  of  the  inci¬ 
dent  wave— to  the  sinusoidal  steady  state). 

In  the  area  of  EM  wave  interactions  with  biological  tis¬ 
sue  structures,  the  literature  also  indicates  work  in  finite- 
element  modeling  (29],  (30J.  The  goals  of  this  work  in¬ 
volve  nearly  conformal  modeling  of  tissue  structures  using 
well-characterized  finite-element  geometry  generation 
software.  (FD-TD  theory  is  also  progressing  in  this  area 
with  the  advent  of  accurate,  fully  conformal  surface 
models  based  upon  local  Faraday's  Law  and  Ampere's 
Law  contour  paths  (31].)  However,  detailed  studies  (19], 
[23]  have  shown  that  simple  FD-TD  surface  staircasirg 
of  cylindrical  and  spherical  tissue  structures  is  sufficient 
to  permit  calculation  of  the  penetrating  internal  fields  with 
a  high  degree  of  accuracy  compared  to  the  exact  solu¬ 
tions.  It  is  observed  that  FD-TD  calculated  fields  pene¬ 
trating  a  lossy  dielectric  structure  show  little  sensitivity 
to  the  nature  of  the  surface  approximation  of  the  structure. 
This  observation  permits  effective  use  of  simple  staircas¬ 
ing  FD-TD  models  for  computing  penetrating  fields  in  tis¬ 
sue  structures.  These  sacrifice  little  accuracy  and  have 
small  computer  burdens  compared  to  the  finite-element 
approaches. 

B.  FD-TD  Validation  Studies 

At  present,  there  exists  only  a  limited  set  of  validations 
of  FD-TD  models  for  clinically  used  hyperthermia  appli¬ 
cators  {25]-[27J .  In  this  section,  this  paper  provides  the 
first  analytical  validations  of  FD-TD  for  generic  aperture 

trees:  open-ended  waveguides  and  horns,  including  de¬ 
tails  of  the  waveguide  probe  excitation.  Benchmark  data 
are  obtained  from  detailed  frequency-domain  integral 
equation  ar.d  MM  numerical  results.  These  validation 
studies  are  relevant  in  that  the  patient-specific,  FD-TD 
hyperthermia  models  to  be  discussed  in  Section  IV  em¬ 
ploy  similar  2-D  and  3-D  apenurt  sources;  and  it  is  clearly 
desirable  to  have  confidence  in  the  numerical  EM  model 


before  drawing  conclusions  based  upon  the  model  (as  we 
will). 

Consider  first  the  validation  studies  for  the  generic  mi¬ 
crowave  aperture  sources.  Validation  here  consists  of  # 
comparing  the  magnitude  and  phase  of  radiated  near  fields 
predicted  by  FD-TD  and  MM.  and  determining  the  level 
of  disagreement.  For  example.  Fig.  la  depicts  the  ge¬ 
ometry  of  a  2-D  waveguide-fed  hom  antenna,  excited  by 
a  monopole  probe,  used  for  comparison  of  FD-TD  and 
MM  computed  aperture  electric  field  distributions.  As  # 
seen  in  Fig.  1(b)  and  (c),  the  FD-TD  and  MM  computa¬ 
tions  of  radiated  near  fields  agree  within  about  I  %  in 
magnitude  and  about  2s  in  phase.  (This  level  of  agree¬ 
ment  has  been  found  consistently  for  a  variety  of  2-D  ap¬ 
erture  sources.)  This  implies  that  the  FD-TD  predictions 
are.  for  engineering  purposes,  just  as  useful  as  those  of  0 
MM. 

Two  analytical  validation  studies  are  considered  for  the 
3-D  FD-TD  aperture  source  model.  The  first  validation 
involves  a  simple  rectangular  waveguide  radiating  in  free 
space.  The  waveguide  is  assumed  to  have  a  2X„/3  x  X„/3 
cross  section,  and  a  2X„  length.  A  sinusoidally  excited  • 
line  source  is  assumed  to  be  located  X0/3  from  the  closed 
end,  centered  in  the  waveguide,  and  extending  from  the 
top  to  the  bottom  of  the  guide.  The  FD-TD  computations 
for  radiated  far-fields  are  compared  to  those  obtained  using 
a  standard  electric  field  integral  equation,  triangular  sur¬ 
face  patching  MM  code  with  three  different  meshings.  £ 
with  results  shown  in  Fig.  2.  It  is  seen  that  the  FD-TD 
predicted  far-fields  art  "bracketed"  by  the  various  MM 
results,  indicating  a  substantial  code-to-code  validation. 

The  second  3-D  validation  study  compares  FD-TD  re¬ 
sults  to  a  recently  published  integral  equation  solution  [32] 
for  an  infinitely  long  rectangular  waveguide  heating  a  £ 
planar  layered  tissue  medium.  The  waveguide  of  (32)  is 
water-ioaded  (<„  ■  81«0).  has  a  5.6  x  2.8  cm  cross-sec¬ 
tion,  and  is  excited  at  432  MHz.  The  tissue  medium  is 
comprised  ot  a  0.5-cm  skin  layer  (t,  »  (42  -  y25)e0).  a 
1.0-cm  fat  layer  (tf  m  (5  -  j  10) <0)-  and  a  muscle  half¬ 
space  (*„  ■  (42  -  j25)t0).  For  the  FD-TD  model,  the  f 
waveguide  is  assumed  to  have  finite  length,  19.3  cm 
(2.5XJ,  with  a  line  source  located  1.9  cm  (0.25X.)  from 
the  closed  end.  Tomaintain  a  reasonable  FD-TD  grid  size, 
the  infinite  extent  of  the  tissue  structure  is  approximated 
by  extending  it  only  one-half  skin  depth  in  all  directions 
from  the  waveguide.  Overall,  using  a  uniform  1.0-nim  <g 
space  resolution,  the  FD-TD  grid  size  is  280  x  134  x 
106  cubic  cells  (23.9-million  vector  field  components). 

Fig.  3  compares  the  FD-TD  and  integral  equation  re¬ 
sults  for  penetrating  electric  field  contours  at  the  skin-fat 
interface  0.5  cm  into  the  layered  tissue  structure.  Because 
of  symmetry  in  the  x  and  y  direction,  only  a  single  quad-  4 
rant  of  the  electric  field  distribution  is  shown  for  each  ; 

■  constant  plane.  The  agreement  is  quite  good  consid¬ 
ering  the  truncated  (noninfinite)  tissue  layers  used  in  the 
FD-TD  modeling. 
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Fig.  3.  Companion  of  FD-TD  and  integral  equation  rcaglu  (32)  for  pen¬ 
etrating  electric  field  contours  in  a  3-layer  tissue  model  due  lo  a  waveguide 
applicator.  Location  of  map:  0.3  cm  into  the  tissue  (at  the  ikin/fil  inter¬ 
face);  only  one  quadrant  of  the  map  is  shown  because  of  symmetry. 


III.  Automated  CT  Imaoe  Analysis  and 
Reconstruction 

A.  Background 

To  reconstruct  the  3-D  tissue  structure  from  serial  CT 
cross-sectional  image  data,  an  image  analysis  system  must 
perform  two  basic  functions:  1 )  image  segmentation/cor¬ 
respondence  establishment;  and  2)  interpolation.  Image 
segmentation  is  the  process  of  dividing  a  CT  image  into 
regions  that  correspond  to  physical  objects  or  parts  (33]- 
(36).  After  the  meaningful  entities  in  each  slice  have  been 
identified  (and  their  contours  extracted),  the  next  step  is 
to  establish  the  correspondence  among  them.  By  doing 
so,  the  information  about  the  start  contour  in  one  slice  and 
the  corresponding  goal  contourfs)  in  adjacent  slices  can 
be  obtained.  There  is  no  existing  system  that  can  perform 
fully  automated  medical  image  segmentation  and  corre¬ 
spondence  establishment  in  a  practical  problem  domain. 
Interpolation  (1 1],  (34),  (37)— [39]  ideally  permits  the  re- 
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construction  of  the  original  tissue  structure  by  filling  the 
empty  space  between  contours  in  adjacent  CT  slices  de¬ 
rived  by  the  segmentation  process. 

Much  progress  has  been  made  during  the  past  decade 
in  addressing  a  similar  problem  in  radiation  treatment 
planning.  Sophisticated  computerized  3-D  treatment  plan¬ 
ning  systems  based  on  CT  and  magnetic  resonance  im- 
aging  systems  have  been  developed  [40)-(44J.  All  of  these 
systems  use  a  combination  of  automatic  and  manual  con¬ 
touring  methods  to  delineate  tissue  regions,  i.e.,  segment 
images,  in  each  CT  slice.  Edge-detection  techniques  have 
been  used  successfully  to  delineate  structures  that  have 
significantly  different  Hounsfield  numbers  from  those  of 
adjacent  tissues  (44],  (45].  A  threshold  CT  value  is  se¬ 
lected  and  then  the  computer  automatically  traces  a  con¬ 
tour  which  separates  points  above  and  below  the  thresh¬ 
old. 

However,  for  the  spinal  cord,  brain  stem,  Iddney,  live< 
stomach,  heart,  and  other  tissue  structures  embeddrc  n 
fat  or  muscle  tissue,  the  task  is  not  straightforward.  The 
Hounsfield  CT  numbers  of  these  organs  are  sufficiently 
close  to  those  of  the  surrounding  tis  -•  to  make  edge-de¬ 
tection  algorithms  useless,  necessiu..,  g  the  use  of  a  man¬ 
ual  system.  Here,  the  structures  are  outlined  by  skilled 
personnel  having  specific  knowledge  about  the  location  of 
these  organs,  their  shape,  and  their  progression  through 
the  scanned  volume  as  one  moves  from  slice  to  slice 
through  the  CT  data.  Outlining  is  accomplished  using  a 
track-ball  device  or  digitized  pen  system  that  controls  the 
cursor  on  the  computer  screen. 

Despite  the  development  of  graphical  aids,  manual  gen¬ 
eration  of  contours  to  delineate  tissue  structures  can  be 
tedious  and  labor-intensive,  requiring  many  manhours  to 
prepare  the  data  for  treatment  planning.  New  approaches 
to  define  low-contrast  tissues  automatically  or  interac¬ 
tively  have  to  be  developed.  This  is  active  area  of  re¬ 
search,  and  recently  a  technique  t„.  outlying  regions 
where  object  CT  values  overlap  has  beet.  sorted  (46]. 
However,  to  more  fully  automate  this  process,  it  will  be 
necessary  to  use  knowledge-based  and  other  symbolic 
reasoning  software  tools. 

Knc  •  edge-based  (expert)  systems  are  an  attempt  to 
represent  the  knowledge,  experience,  and  insight  of  the 
“expert"  in  a  computer-based  environment.  These  soft¬ 
ware  tools  have  opened  new  paths  for  the  use  of  com¬ 
puters  in  radiation  oocology  and  diagnostic  radiology  (47). 
For  example,  Pizer  ft  al.  (48]  have  recently  developed  a 
hierarchical  figure-based  shape  description  system  with 
promising  applications  in  defining  low-contrast  objects. 
Extension  of  these  techniques  to  the  needs  of  hyperther¬ 
mia  treatment  planning  offers  the  potential  for  new  tools 
for  tumor  localization  and  extraction  of  anatomical  fea¬ 
tures. 


B.  Our  Approach 

In  this  paper,  we  report  the  first  highly  automated  CT 
image  segmentation  and  interpolation  scheme  applied  to 
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Fig.  4.  Example  of  um|«  of  conttremi  uiitfactien  neural  network  tech¬ 
nique  for  automated  lesmentation  of  CT  tma|«t:  (*)  Topology  of  the  neural 
network,  (b)  CT  image  of  pelvic  croti  tec i ton,  (c)  tegmented  image  (|«| 


model  patient-specific  EM  hyperthermia.  The  method  is 
based  on  the  following: 

/)  Image  Segmentation  Using  a  Neural  Network 
Approach:  We  report  a  constraint  satisfaction  neural 
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Fi|.  J.  Examples  of  uiige  of  dynamic  elastic  surface  interpolation  tech¬ 
nique  for  eutomated  roconitnjction  of  canonical  3-D  btinched  objects  from 
“rial  crosi-secuoiul  comoun  (a)  1*0  bnnchca.  (b)  ihra*  branches  (I  l| 

network1  (CSNN)  technique  which  enables,  in  principle, 
automatic  segmentation  of  complex  images  (14).  In 
CSNN.  each  neuron  corresponds  to  a  pixel  in  an  n  x  n 
image.  Suppose  that  each  pixel  is  to  be  assigned  one  of  m 
labels.  Then,  the  CSNN  consists  of  n  x  n  x  m  neurons, 
and  can  be  conceived  as  a  3-D  array.  The  topology  of  the 
CSNN  is  shown  in  Fig.  4(a).  The  CSNN  has  been  devel¬ 
oped  for  image  segmentation  as  the  first  step  toward  au¬ 
tomated  object  reconstruction.  Fig.  4(b)  and  (c)  show  an 
example  of  the  use  of  the  CSNN  technique  to  automati¬ 
cally  segment  a  CT  image  of  a  pelvic  cross  section  (14] 
with  results  comparable  to  conventional  techniques. 

2)  Interpolation:  We  also  report  the  development  of  a 
dynamic  elastic  surface  interpolation  (DESI)  scheme  (11]- 
(13).  The  central  idea  of  DESI  is  to  identify  the  geometric 
difference  between  the  sun  and  the  goal  contours,  and 
derive  force  vectors  that  can  be  applied  to  the  sun  con¬ 
tour  to  distort  it  to  match  the  goal  contour.  The  algorithm 
provides  a  mechanism  to  generate  iteratively  a  series  of 
intermediate  contours  for  filling  the  gaps  between  the  start 
and  goal  contours.  A  3-D  object  is  reconstructed  by  suck¬ 
ing  up  the  stan,  intermediate,  and  goal  contours.  The  ma¬ 
jor  advantage  of  this  method  is  its  superior  capability  in 
handling  the  branching  situation  where  a  contour  in  one 

'A  neural  network  u  compoted  of  many  interconnected  proceismg  ele- 
menti  that  operate  in  parallel,  and  a  weighted  matha  of  interconneciioni 
that  allowt  the  network  to  "leam"  and  "remember"  |«9).  Artificial  neural 
network!  are  being  uied  for  a  variety  of  applications  including  image  and 
signal  processing  and  pattern  recognition  The  parallel  nature  of  a  neural 
agedata  mPnnc,P|e-  r*Pld  concurrent  processing  of  complei  im- 


:ji 

2-D  cut  splits  into  several  contours  in  adjacent  cuts,  or 
where  several  contours  merge  into  one  contour.  DESI  is 
simple  and  has  the  advantage  that  pairwise  interpolation 
can  be  performed  simultaneously  with  a  parallel  architec¬ 
ture.  Fig.  5(a)  and  (b)  show  examples  of  the  use  of  DESI 
to  reconstruct  canonical  branched  3-D  objects  from  serial 
cross-sectional  contours  [1 IJ. 

IV.  Application  to  Patient-Specific  EM 
Hyperthermia 

We  have  applied  the  above  techniques  for  the  first  time 
to  interpret  actual  patient  CT  data  for  modeling  EM  hy¬ 
perthermia.  Specifically,  we  reconstructed  a  3-D  model 
of  the  human  thigh  from  a  collection  of  29  serial  CT  im¬ 
ages  at  10  mm  intervals.  Two  typical  slices  are  shown  in 
Fig.  6.  Each  slice  consists  of  four  different  tissue  struc¬ 
tures:  fat.  muscle,  bone,  and  bone  marrow.  In  the  recon¬ 
struction  process,  we  assumed  that  we  had  the  following 
prior  knowledge: 

1)  Image  content— each  image  contains  a  left  and  a 
right  thigh. 

2)  Tissues  types  and  spatial  relationships— there  are 
four  types  of  tissues  in  each  image,  and  if  we  draw 
a  line  from  outside  the  whole  region  to  its  centroid, 
the  order  of  regions  encountered  is  always  fat.  mus¬ 
cle,  bone,  and  then  bone  marrow. 

3)  Average  intensity  levels  of  the  regions  of  different 
tissue  types— used  in  thresholding  operation. 

4)  Expected  boundary  between  fat  and  muscle— should 
be  smooth  and  closed,  even  though  the  muscle  re¬ 
gion  may  actually  consist  of  many  disconnected  re¬ 
gions  or  may  have  bay-like  (or  crack-like)  areas. 

The  four  regions  of  interest  corresponding  to  the  four 
tissue  types  of  the  left  thigh  were  obtained  by  the  follow¬ 
ing  semiautomatic  procedure.  First,  the  touching  points 
of  the  two  thighs  were  detected  by  locating  the  points  with 
the  maximum  curvatures.  Then,  a  line  was  drawn  be¬ 
tween  the  two  points  to  separate  the  left  thigh  from  the 
right  thigh.  The  right  thigh  was  blackened  out  and  a  128 
x  128  image  (shown  in  Fig.  7(a)]  containing  only  the  left 
thigh  was  extracted.  After  manually  analyzing  this  image 
to  select  three  threshold  values  (see  point  3),  the  pixels  in 
the  image  were  classified  into  groups  by  a  thresholding 
operation.  Fig.  7(b)  shows  the  result  of  performing  this 
operation  on  the  image  in  Fig.  7(a).  The  boundaries  be¬ 
tween  these  regions  were  then  obtained  by  automatic  con¬ 
tour  tracing  methods  (50).  Some  heuristics  were  also 
applied5  to  obtain  a  closed  and  smooth  boundary  between 
fat  and  muscle  (see  point  4).  After  all  the  boundaries  were 
detected,  the  four  regions  were  labeled  with  distinct  in¬ 
tegers.  Fig.  8  shows  the  results  of  Fig.  7  after  boundary 

’lit  our  experiments.  in  *n  attempt  to  automate  the  boundary  detection  pro- 
««i».  we  alio  applied  tome  well-recognized  signal-based”  image  seg- 
me  mat  ion  algorithm!  such  at  splii-and-me.ge  |5l]  io  thu  aei  of  images. 
Although  the  algorithm  had  aoroe  lucceai  on  tome  slices,  it  is  not  powerful 
enough  to  handle  all  the  ilicei  in  our  data  let  with  a  uniform  set  of  param¬ 
eter*. 
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Fig  7.  Result*  of  sutomsted  thresholding  ind  piiel  clssuflcition  for  the 
pitient's  left  thigh  of  Fig  6:  (t)  extraction  of  the  left  thigh.  <b>  result*  of 
processing. 


detection  and  region  labeling.  The  DESI  method  was  then 
applied  to  each  consecutive  pair  of  slices  for  generating 
intermediate  slices.  After  the  pairwise  interpolation.  28 
intermediate  slices  were  generated.  Fig.  9  shows  the  re¬ 
sult  of  stacking  up  the  57  slices. 


Fig.  v.  Raconstrucud  3-D  thigh  model  (29  segmented  CT  images  plus  28 
intermediate  slices  generated  using  dynamic  elastic  surface  interpolation). 


A.  2-D  Study 

It  was  desired  first  to  implement  the  prototype  auto¬ 
mated  EM  hyperthermia  analysis  system  in  2-D.  Using 
the  CT-scan  data  of  a  human  thigh,  the  tissue  structure 
(fat,  muscle,  bone,  and  bone  marrow)  was  automatically 
deduced  as  described  above.  A  prototype  automatic  inter¬ 
face  was  constructed  to  take  the  data  output  of  the  CT 
analysis  system  and  feed  it  into  a  Compaq  386/25/Weitek 
lab  computer  used  for  the  2-D  FD-TD  EM  model.  The 
model  simulated  a  monopole-excited  2-D  waveguide  ap¬ 
erture  source  operating  at  913  MHz  as  the  hyperthermia 
applicator  for  the  thigh  with  and  without  a  I  /4-wave¬ 
length  slab  used  for  impedance  matching.  (Previous  stud¬ 
ies  discussed  in  Section  il  had  validated  the  FD-TD  model 
of  the  monopole-excited  waveguide  source.) 

Fig.  10  depicts  the  2-D  geometry  of  the  thigh  and  the 
10  x  33.5  cm  parallel-plate  waveguide  hyperthermia 
source  operated  at  915  MHz.  A  150  x  300  cell  FD-TD 
grid  having  a  uniform  resolution  of  1.602  mm,  the  exact 
resolution  of  the  CT  data,  was  used  for  the  model.  The 
waveguide  was  assumed  filled  with  a  dielectric  having  «, 
■  6.0  (except  for  a  possible  matching  section  having  <, 
•  16.0),  and  excited  in  the  TE|  mode  by  a  line  source 
centered  within  the  guide  6.7  cm  from  the  closed  end. 
This  provided  an  incident  electric  field  parallel  to  the 
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Fig  10.  Geometry  of  2-D  hyperthermit  model,  showing  monopole-e»- 
cited  waveguide  applicator  and  pttieni-apeciAc  thigh  model,  all  contained 
within  the  FD-TD  apace  gnd. 


thigh.  Fig.  1 1(a)  and  (b)  graph  cr.itcu'  u^fl'  oi  the  SAR 
distribution  within  the  ihigh  lor  fit':  u. ’.niched  and 
matched  cases,  respectively,  noTu'.ui-’  tu  ItfXJ  W/m 
incident  power.  All  data  were  obtain  ui  ifte  time  stepping 
eleven  periods  of  the  incident  wave  a.  9l3  MHz  (2  h  run 
time  on  the  Compaq).  The  figures  clearly  depict  the 
matching  action  of  the  waveguide  dielectric  insert  in  en¬ 
hancing  EM  heating  within  the  thigh,  and  show  an  intense 
hot  spot  at  the  fat-muscle  interface. 

B.  3-D  Study 

Using  the  automated  CT  image  analysis  tydtm  to  pro¬ 
cess  29  serial,  patient-specific  CT  scans  for  die  human 
thigh,  we  constructed  a  3-D  dielectric  media  Hsu  base 
which  was  automatically  interfaced  to  a  Cray-2  *>r  the 
FD-TD  model.  (See  Fig.  9  for  the  final  3-D  thigh  mode1.) 
The  FD-TD  grid  resolution  used  here  was  5  mm  (X^/27). 
This  resolution  was  chosen  because  it  is  die  vertical  dis¬ 
tance  between  the  interpolated  CT  layers.  For  the  dielec¬ 
tric-loaded,  TEio  mode  waveguide  hyperthermia  appli¬ 
cator  (dimensions  10  x  10  x  33.3  cm),  the  same  metal 
and  dielectric  parameters  as  in  the  previous  2-D  wave¬ 
guide  model  were  used,  as  well  as  the  same  excitation 
frequency.  A  line  source,  assumed  to  be  centered  in  the 
guide  6.7  cm  from  the  closed  end,  generated  an  incident 
electnc  field  parallel  to  the  thigh. 

With  the  thigh  in  place,  the  FD-TD  code  solved  for  2.4 
million  EM  field  components  per  time  step.  All  data  were 
obtained  after  time-stepping  eleven  periods  of  the  incident 
wave  at  913  MHz.  (Eleven  periods  permits  reasonable 
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Fig.  II  PD- TO  eompwufSAR  distribution  in  the  2-D  thigh  mod* I  of  Fig. 
10,  nortruliuvl  »»  IOOOU  /m  incident  power  (*)  with  no  dielectric  dutch- 
‘fit,  neciiwt,  \b>  *  r-fi  d-jUetnc  matching  taction 

convergence  to  the  sinusoidal  steady  state  for  this  case. 
During  this  time,  a  numerical  wave  can  undergo  one  com¬ 
plete  front-back-front  traverse  of  the  grid,  taking  into  ac¬ 
count  the  velocity-slowing  effect  of  the  high-permittivity 
tissue  media.)  This  required  10  minutes  of  single-proces¬ 
sor  Cray-2  time  per  3-D  run.  The  previous  2-D  model  was 
also  reworked  in  the  tame  coarser  resolution  (3  mm)  grid 
so  that  the  2-D  and  3-D  results  could  be  directly  com¬ 
pared.  Fig.  1 2(a)  shows  the  FD-TD  computed  SAR  con¬ 
tour  pattern  penetrating  into  the  3-D  model  along  a  central 
horizontal  cut,  while  Fig.  12(b)  shows  the  corresponding 
FD-TD  SAR  contour  pattern  for  the  2-D  model. 

We  observe  some  interesting  results  which  emphasize 
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Fig  12.  PD-TD  computed  SAR  diatribution  in  the  paiieni-ipaciAc  thigh 
modal,  normalized  to  1000  V/m  incidnnt  waveguide  field:  (a)  3-D  modal, 
(b)  2-D  modal. 

the  need  for  3-D  EM  modeling.  With  the  ume  normalized 
incident  electric  Held,  deeper  penetration  it  teen  in  the  3- 
D  cate.  Note  that  the  maximum  SAR  in  the  3-D  graph  is 
83  W/kg,  whereas  the  maximum  SAR  in  the  2-D  graph 
it  only  34  W/kg.  If  one  compares  the  position  of  the  16 
W/kg  contour  line  in  the  3-D  and  the  2-D  graphs,  the 
difference  in  penetration  it  clear.  This  contour  almost 
penetrates  the  bone  in  the  3-D  SAR  graph,  but  it  close  to 
the  fat-mutcie  interface  in  the  2-D  SAR  graph.  This  is 
perhaps  one  of  the  first  comparisons  of  detailed  compu¬ 
tational  modeling  for  EM  abtorption  in  3-D  versus  2-D. 

To  help  explain  the  possibly  counter-intuitive  result  that 
the  3-D  model  exhibits  deeper  penetration  than  the  2-D 
model,  the  electric  field  distribution  through  a  vertical  (z) 


Fig.  13  FO-TD  computed  elecinc  Held  map  along  a  vertical  slice  of  the 
3-D  patient-tpeciAc  thigh  model,  at  the  waveguide  center  line  (normalized 
lo  1000  V/m  incident  waveguide  Acid). 

• 

cut  of  the  3-D  thigh  geometry  is  shown  in  Fig.  13.  Note 
the  second  curvature  of  the  electric  field  contours  in  the 
third  dimension,  z.  There  is  now  a  double  curvature  of  the 
penetrating  electric  field,  a  sort  of  “bubble."  This  appar¬ 
ently  bends  the  electric  fields  deeper  into  the  thigh  struc¬ 
ture  and  sets  up  deeper  heating.  0 

V.  Conclusion 

This  paper  described  progress  by  our  group  in  auto¬ 
mated  computational  modeling  of  patient-specific  EM  hy¬ 
perthermia.  We  reported  the  first  analytical  validations  of 
3-D  FD-TD  models  of  aperture-type  hyperthermia  appli-  # 
cators.  We  also  reported  the  first  highly  automated  CT 
image  segmentation  and  interpolation  scheme  applied  to 
model  patient-specific  EM  hyperthermia.  We  applied  this 
technique  to  interpret  actual  patient  CT  data,  reconstruct¬ 
ing  a  3-D  model  of  the  human  thigh  from  a  collection  of 
29  serial  CT  images  at  10  mm  intervals.  Using  FD-TD.  # 
we  obtained  2-D  and  3-D  models  of  EM  hyperthermia  of 
this  thigh  due  to  a  waveguide  applicator.  We  found  that 
different  results  are  obtained  from  the  2-D  and  3-D 
models,  and  concluded  that  full  3-D  tissue  models  are  re¬ 
quired  for  future  clinical  usage. 

• 
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Abstract— la  (kit  paper  Ik*  ftaite-dUfereac*  daHouili 
(VDTD)  method  is  twnliiid  It  laded*  the  accent*  boMIii 
of  nnid  surfaces.  This  irasraUsadoa,  th*  coetoar  path  (CP) 
method,  accents*?  models  th*  ffleatieutioe  of  bodies  with  carved 
surfaces,  yet  retails  th*  aMHty  to  model  coram  aad  edfes.  CP 
■nodding  of  two-dlm«asiOMi  electromagnetic  wave  scattering 
from  objects  of  virions  shapes  aad  compositions  Is  preseated. 


I.  Introduction 

A  significant  flaw  m  previous  finite-difference  time- 
xYdomain  (FDTD)  models  of  structures  with  smooth 
curved  surfaces  has  been  to  use  stepped  edge  (staircase) 
approximations  of  the  actual  structure  surface.  Although  not 
a  serious  problem  for  modeling  wave  penetration  and  scatter¬ 
ing  for  low-Q  metal  cavities,  recent  FDTD  studies  have 
shown  that  stepped  approximations  of  curved  walls  and  aper¬ 
ture  surfaces  can  shift  center  frequencies  of  resonant  re¬ 
sponses  by  1  to  2%  for  Q  tacton  of  30  to  80,  and  can 
possibly  introduce  spurious  null'  [l],  Iu  the  area  of  scattering 
by  complex  shapes,  the  use  of  stepped  surface  approxima¬ 
tions  has  limited  the  application  of  FDTD  for  the  modeling  of 
the  important  target  class  where  surface  roughness,  exact 
curvature,  and  dielectric  or  permeable  loading  is  important  in 
determining  the  radar  cross  section.  This  paper  reports  on  a 
generalization  of  the  FDTD  method,  the  contour  path  (CP) 
method,  where  grid  cellj  local  to  structure  surfaces  are 
deformed. 

Recently,  three  different  types  of  FDTD  conformable  sur¬ 
face  models  have  been  proposed  and  examined  for  scattering 
problems. 

1)  Locally  distorted  grid  models.  These  preserve  the 
basic  Cartesian  grid  arrangement  of  field  components  at  all 
space  cells  except  those  Immediately  adjacent  to  the  structure 
surface.  Space  cells  adjacent  to  the  structure  surface  are 
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deformed  to  conform  with  the  surface  locus.  Siightly  modi¬ 
fied  time  stepping  expressions  for  the  field  components  adja¬ 
cent  to  the  surface  are  obtained  by  applying  either  a  modified 
finite  volume  technique  [2]  or  the  CP  technique. 

2)  Globally  distorted  grid  models ,  body  fitted.  These 
employ  available  numerical  mesh  generation  schemes  to  con¬ 
struct  non-Cartesian  grids  which  are  continuously  and  glob¬ 
ally  stretched  to  conform  with  smoothly  shaped  structures.  In 
effect,  the  Cartesian  grid  is  mapped  to  a  numerically  gener¬ 
ated  coordinate  system  wherein  the  structure  surface  contour 
occupies  a  locus  of  constant  equivalent  “radius.”  Time- 
stepping  expressions  are  adapted  either  from  the  Cartesian 
FDTD  case  [3]  or  from  a  characteristics  based  method  used 
in  computational  fluid  dynamics  [4], 

3)  Globally  distorted  grid  models,  unstructured.  These 
employ  available  numerical  mesh  generation  schemes  to  con¬ 
struct  non-Cartesian  grids  comprised  of  an  unstructured  array 
of  space  filling  cells.  Structure  surface  features  ere  appropri¬ 
ately  fit  into  the  unstructured  grid,  with  local  grid  resolution 
and  cell  shape  selected  to  provide  the  desired  geometric 
modeling  aspects.  An  example  of  this  class  is  the  control 
region  approach  discussed  in  [3). 

Research  is  ongoing  for  each  of  these  types  of  conformable 
surface  modeis.  Key  questions  concerning  the  usefulness  of 
e*'h  model  include  the  following: 

1)  computer  tesource?  involves  in  mesh  generation; 

2)  severity  of  numerical  artifacts  introduced  by  grid  distor¬ 
tion,  which  includes  numerical  instability,  dispersion, 
and  nonphysical  wave  reflection,  and  subtraction  i.  jise; 

3)  limitation  of  the  near-field  computational  range  due  to 
suotraction  noise; 

4)  comparative  computer  resources  for  running  realistic 
scattering  models,  especially  for  three-dimensional  tar¬ 
gets  sporiing  i  .ugths  or  more. 

n.  Review  of  the  FDTD  Method 

In  this  section  the  analytical  basis  of  the  FTYTD  method 
will  be  briefly  described  first,  since  the  CP  method  is  a 
generalization  of  it.  Detailed  desci.p  ions  of  the  FDTD 
method  can  be  found  elsewhere  {6}-[l(Y 

The  traditional  FDTD  algorithm  is  *  direct  solution  of 
Maxwell’s  time  dependent  curl  equations,  wluch  are  shown 
in  Table  1(a).  The  algorithm  applies  a  second-order  accurate 
finite  difference  approximation  to  the  apace  and  time  deriva- 
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TABLE  I 

(a)  Maxwell's  Cvmt  Equations  in  Cartesian  Coordinates 
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where 

£,,  Efl  E,  Cartesian  components  ol electrical  field,  v/m 
H„  Hr,  Ht  Cartesian  components  of  magnetic  field,  v/m 
t  electric  permittivity,  F/m 
a  electric  conductivity.  S/m 
n  magnetic  permeability,  H/m 
e'  equivalent  magnetic  lot*.  0  /m 


(1) 

0) 

(3) 

(4) 
(J) 
(6) 


(b)  Central  Dmuxo  Attrotumation  to  Space  and  Time  Partial  Dertvattvii 
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for  i cubic  space  lattice.  Ai*Ay>At*d 
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table  a 

Examples  or  FtNiTv-DtPraMNCa  Equations  Derived  from  Maxwell’s  Equations 


H” !(/,/■(•  1/2,  k  ♦  1/2)  ■  //;-!(/,/+  1/2,*  +  1/2)  ♦ 


At 


M(/.y+  1/2.  *+  1/2) 

o(I.J,k  +  1/2)  It 


^(£;(u  +  *.*♦!} -£;(/./  +  *.*)) 


i  - 


2«(/,y,*+ 1/2)  i 

£«  * +  ,/5)  *  :;^o:7V)/2^£"(/-  '■  *  ♦ 5/2>  +  -rT&j.k+mi, 

l+  2t(i.J.k+  1/2)  1+  2t(l.J,k+\/2) 


«(U.»*  1/2) 


Ax 

1 


M  +  i)  -  /#;•!(,.>  +  *.*  ♦  i)) 


(id 


(12) 


» 


A207 


JUROBNS  ft  al  FVTO  MOOCUNO  OP  CURVED  SURFACES 

lives  of  etch  cartesian  field  component.  These  central  differ¬ 
ence  approximations  an  displayed  in  Table  1(b). 

The  above  equations  combined  with  the  constitutive  rela¬ 
tions  result  in  a  set  of  difference  equations,  examples  of 
which  are  given  in  Table  H.  The  constitutive  relations  are: 


5-  «£ 

(13) 

B-nH 

(14) 

le  -  oE 

(15) 

where  t.  ji,  and  a  are  the  permittivity,  permeability,  and 
coductivity,  respectively.  All  quantities  on  the  right-hand  side 
of  each  difference  equation  are  known  from  computations 
performed  at  previous  tune  steps.  This  results  in  a  hilly 
explicit  system  of  difference  equations  whereby  chronological 
values  of  the  electric  and  magnetic  field  components  at  each 
location  are  obtained  in  a  temporal  leapfrog  manner.  Spa¬ 
tially.  the  computations  are  dependent  on  nearby  field  compo¬ 
nents,  which  enhances  the  method's  ability  to  be  computed 
on  parallel  architecture  machine  (n).  Fig.  i(b)  illustrates 
the  resulting  spatial  relatiooahip  between  the  field 
components. 

Now  that  the  structure  of  an  individual  FDTD  cell  has 
been  described,  the  structure  of  the  complete  FDTD  lattice 
will  be  discussed.  The  lattice  is  partitioned  into  two  volumes, 
a  total  field  region  ’ad  a  scattered  field  region,  as  illustrated 
in  Fig.  1(c).  Inside  the  total  field  region  both  incident  and 
scattered  waves  exist.  This  region  also  encompasses  the 
entire  scattering  body.  No  boundary  condition  «wwli  to  be 
applied  at  the  body's  surface,  the  medium  changes  implicitly 
with  the  cell  to  cell  change  of  material  characteristics 
(a,  e,  n).  The  overwhelming  majority  of  lattice  cells  are  in 
the  total  field  region,  a  percentage  that  increases  with  the 
lattice  size.  The  scattered  field  region  surrounds  the  total  field 
region.  The  scattered  field  region  is  necessary  in  order  to 
utilize  an  accurate  radiation  boundary  condition  introduced 
by  Mur  [12],  The  basis  of  this  radiation  condition  is  a 
two-term  Taylor  series  approximation  of  a  one-way  wave 
equation  [13].  The  existence  of  a  scattered  field  region  also 
permits  the  implementation  of  a  near-  to  fir-field  transforma¬ 
tion  [14],  based  upon  the  electromagnetic  field  equivalence 
principle  [15]. 

At  this  point  it  is  worthwhile  to  remark  that  some  FDTD 
codes  do  not  divide  their  lattices  into  total  and  scattered  field 
regions  explicitly.  In  these  codes,  only  scattered  fields  exist 
external  to  an  object,  while  total  fields  are  in  the  interior.  The 
incident  field  is  introduced  by  applying  an  appropriate  bound¬ 
ary  condition  on  an  object’s  surface.  For  example,  a  perfectly 
conducting  body  would  have  the  condition  ■  -E^ 
applied  to  f-fleld  components  talent  to  the  body's  surface. 
This  methodology  becomes  quite  cumbersome  for  materially 
complex  heterogeneous  objects.  In  addition,  these  codes  suf¬ 
fer  from  accuracy  problems  in  modeling  the  interior  of 
shielded  cavities  and  shadow  regions  (16J,  (17], 


jm 

in.  Analytical  Basis  of  the  Contour  Path  Method 
A.  Introduction 

The  CP  algorithm  is  based  on  Ampere's  and  Faraday's 
laws,  shown  below: 

fa-in  j  la+ba+jj  jo-* 

(16) 

//"--£///"  (,1> 

where  £,  D,  H,  8,  J,  and  7e  denote  the  electric  field,  elec¬ 
tric  flux  density,  magnetic  field,  magnetic  flux  density,  con¬ 
duction  current  and  source  current,  respectively,  and  the  C 
contours  enclose  the  £  surfaces.  The  contours  of  Ampere's 
and  Faraday's  laws  intersect  each  other's  enclosed  surface  ir. 
much  the  same  way  as  the  links  in  a  chain  intersect.  Fig.  1(a) 
illustrates  this  relationship,  where  the  coordinates  (u,  v,  w) 
are  any  cyclical  permutation  of  x,  y,  and  z.  Implementing 
(16),  die  value  of  the  £„  field  component  at  time  step  n  u 
calculated  from  the  two  H,  and  the  two  Hm  field  compo¬ 
nents  at  time  step  n  ~  1/2  and  the  value  of  the  £„  compo¬ 
nent  at  time  step  n  —  1.  Then  implementing  (17),  the  value 
of  Hw  at  time  step  n  +  1/2  is  calculated  from  the  two  £„ 
and  E,  components  at  time  step  n  and  the  value  of  Hm  at 
time  step  n  -  1/2.  In  this  leap  frog  manner  the  CP  algorithm 
progresses  with  its  calculations.  For  contours  not  near  a 
media  interface,  the  contour  shape  is  rectangular  and  the  CP 
difference  equations  are  identical  to  the  traditional  FDTD 
difference  equations.  For  example,  this  is  a  CP  Faraday 
difference  equation  not  near  a  media  interface: 

//;**(/./  +  1/2,  k  +  1/2) 

1/2.  *+  1/2) 

At 

+  1/2,  *+  1/2) 

+/,£?(/, M+i) -/,£;(/.;+ 1.*+*) 

(18) 

In  this  equation,  A  «  AyAz,  /,-/,•  Az  and  l2  ■  l4  - 
Ay.  Thus,  this  equation  is  identical  to  the  FDTD  equation 
(11).  Consequently,  the  CP  method  need  only  be  applied  to 
cells  near  a  material  interface,  with  the  traditional  FDTD 
method  applied  to  the  remaining  cells.  The  total  field-scattered 
field  lattice  partition,  the  near-  to  far-field  lattice  truncation 
and  the  absorbing  boundary  condition  are  unaffected  by  this 
inclusion  of  CP  cells  in  the  traditional  FDTD  grid. 

Both  the  CP  and  (he  traditional  FDTD  methods  have  the 
same  capabilities  regarding  time  stepping  and  waveform 
modeling.  The  results  presented  here  are  obtained  by  illumi¬ 
nating  the  objects  with  a  step  sinusoid  and  waiting  for  the 
fields  to  reach  steady  state.  Subtraction  noise  problems  have 
never  been  observed  with  the  traditional  FDTD  methodology 
and  do  not  occur  with  the  CP  method  either. 
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Fig  1 .  (»)  Th*  CP  Ampere  sad  Faraday  contour  relationship  (b)  A  unit 
cell  of  (he  FDTD  Lance,  (c)  The  FDTD  lattice  ttrucnre. 

B.  Perfectly  Conducting  Objects,  TE  Illumination 

In  this  section  the  CP  modeling  of  the  TE  illuminadoii  of 
perfectly  conducting  objects  is  discussed.  First,  the  normally 
rectangular  Faraday  contours  surrounding  each  H  compo¬ 
nent  near  the  object  are  deformed  so  as  to  conform  to  its 
surface.  Each  H  component  is  assumed  to  represent  the 
average  value  of  the  magnetic  field  within  the  patch  bounded 
by  the  distorted  contour.  The  electric  field,  Em,  on  the 
distorted  contour  at  the  object  surface  is  zero.  Along  the 
remaining  straight  portions  of  the  contour,  the  electric  field 
components  are  assumed  to  have  no  variation  along  their 
respective  contour  segments  Where  possible  these  electric 
field  components  are  calculated  using  rectangular  Ampere 
contours  from  adjacent  H  components.  The  Ampere  con¬ 
tours  are  not  deformed.  Also,  rslcuhsiewi  of  Ampere  con¬ 
tours  which  cross  the  media  boundary  are  not  used,  necessi¬ 
tating  that  the  E-fc;ld  along  the  corresponding  Faraday  con¬ 
tour  segments,  if  needed,  are  computed  in  some  other  way. 
These  Faraday  segments  which  intersect  the  object's  surface, 
but  are  not  tangent  to  it,  have  their  £-field  computed  in  one 
of  two  ways. 

In  the  first  way,  the  normal  £  approximation  shown  in 
Fig.  2(a),  the  projection  onto  the  Faraday  contour  segment, 
of  the  £-field  value  at  the  intersection  of  the  segment  and  the 
surface,  is  used.  The  £-field  at  this  intersection  point  (£„)  is 
normal  to  die  object's  surface.  E„  is  calculated  by  setting  up 
an  auxiliary  Ampere's  tew  contour  computation  along  the 
surface.  The  H- field  values  needed  for  the  auxilary  computa¬ 
tion  are  interpolated  from  //-field  components  near  the 
surface. 


fl>>  (c) 

Fig.  2.  CP  TE  methodology  for  perfectly  conducting  surfaces,  (s)  Norms! 
£  approxlmadoe.  (b),  <c)  Nearest  neighbor  approximation 


The  second  way,  the  nearest  neighbor  approximation  shown 
in  Figs.  2(b)  and  2(c),  uses  the  near  field  component  that  is 
collinear  with  the  Faraday  contour  segment,  of  the  same  type 
(£,,  £,,  etc.)  and  on  the  same  side  of  the  media  interface  as 
the  Faraday  segment.  After  applying  Faraday's  law  for  the 
three  illustrative  contours  of  Figs.  2(b)  and  2(c),  the  follow¬ 
ing  special  FDTD  time  stepping  relations  are  obtained  for  the 
Ht  components  immediately  adjacent  to  the  object  surface ,  as 
listed  below. 

Standard  Subcell  -  Fig.  2(b): 
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Standard  Stretched  Cell -Fig.  2(c),  component  Ht/: 
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Son-standard  Subcell  -  Fig.  2(c),  component  Htj: 
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St 

2  r 

\  St  2  / 

1/ 


Mo  ^2  *2 

6t  2 


(26) 

(27) 


In  the  shove  equations,  we  note  tbst  the  only  data  needed  to 
describe  s  distorted  contour  an: 


1)  the  ana  of  the  patch,  A,  within  the  contour; 

2)  intercept  points  of  the  object  surface  contour  with  grid 

lines; 

3)  the  subtended  arc  length,  s,  of  the  object  surface; 

4)  knowledge  of  whether  £  components  along  the  contour 
are  calculable  using  the  regular  Yee  algorithm;  and 

3)  variation  of  the  surface  impedance,  Z,.  with  position 
along  the  object  surface  contour. 

The  distorted  contour  and  field  approximation  information, 
obtained  from  a  suitable  geometry  generation  preprocessor, 
allows  the  CP  code  to  the  process  the  conformably  modeled 
object  surface  contour  as  easily  and  quickly  as  the  FDTD 
code,  but  with  substantially  better  accuracy,  as  will  be 
demonstrated  shortly.  However,  the  choice  of  the  nearest 
neighbor  or  normal  E  approximations  provide  equal  levels  of 
accuracy.  For  completeness,  we  note  that  no  magnetic  or 
electric  field  components  in  the  FDTD  space  lattice,  other 
than  the  Ht  components  immediately  adjacent  to  the  object 
surface,  require  modified  dm*  stepping  relations. 

C.  Perfectly  Conducting  Objects,  TM  Illumination 

In  the  modeling  of  the  TM  illumination  of  perfectly  con* 
ducting  objects,  the  Faraday  contours  surrounding  each  H 
component  located  near  the  object  are  deformed  so  as  to 
conform  to  its  surface,  aa  illustrated  in  Fig.  3.  The  Ampere 
contours  are  not  deformed  and  calculations  of  Ampere  con¬ 
tours  which  cross  the  media  boundary  are  not  used.  Each 
such  magnetic  field  component  is  assumed  to  represent  the 
avenge  value  of  the  magnetic  field  within  the  patch  bounded 
by  the  truncated  contour,  Z,  is  the  surface  impedance  of  the 
object.  The  electric  field,  E^,  located  on  the  truncated 
contour  at  the  object's  surface,  is  equal  to  Z,  times  the  local 
azimuthal  magnetic  field,  Mt.  H,  is  collocated  with  £*, 
and  is  obtained  by  interpolating  the  known  H,  and  Hy 

A210 


Fsrsdsy  contours 


s:*y  Unused  Electric  Field  Components 


Fig.  3.  Essmpks  of  modified  Fsndsy’t  Law  contour  peda  for  dw  TM 
curved  object. 


components  at  this  location  and  then  adding  th?ir  pr  ojections 
in  the  tangent  direction. 

For  this  study,  consider  only  the  case  of  Z,  »  0  (perferjy 
conducting  object).  This  eliminates  the  need  to  calculate  a 
local  surface  azimuthal  magnetic  field  via  interpol/oion  and 
vectorial  addition.  Then,  applying  Faraday's  law  u>  the  con¬ 
tours  of  Fig.  3, 

Hr'(u+ 1/2)  -//;■*(/,  j  + 1/2) 

1)  (28) 

//;♦»('  +  i/2,y)  •«;-»(/+ 1/2,  j) 

+  £;(/,,)  (29) 

where  it  is  noted  that  the  Et  component  at  the  object  surface 
is  zero.  Here,  only  the  intercept  point  of  the  object  surface 
contour  with  the  gird  lines  need  to  be  known.  This  is 
substantially  less  geometry  data  needed  than  for  the  TE 
illumination  cases  discussed  earlier.  The  Faraday  segments 
which  lie  along  the  object's  surface  are  assigned  an  £-fleld 
value  of  zero,  since  the  tangential  electric  field  at  a  perfect 
conductor’s  surface  is  zero. 

D.  Dielectric  Objec  ts 

For  the  modeling  of  dielectric  objects,  Faraday  contours 
are  deformed  while  the  Ampere  contours  are  not.  Referring 
to  Fig.  4,  the  Faraday  contours  are  distorted  so  a*  to  have 
them  conform  to  the  object’s  surface.  Each  H  component  is 
assumed  to  represent  the  average  value  of  the  magnetic  field 
within  the  patch  bounded  by  the  distorted  contour.  The 
electric  field,  £M,  on  the  distorted  contour  at  the  object 
surface  is  calculated  via  an  auxiliary  Ampere  contour.  Along 
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Pig.  4.  Cooour  path  TE  T*ng*oc»l  E-btii  ipprosi miooo  for  dislRCtrie 

objects. 


the  remRiniflg  straight  portions  of  the  contour,  the  electric 
field  components  are  assumed  to  have  no  variation  along  their 
respective  contour  segments  Where  possible  these  electric 
field  components  are  calculated  using  rectangular  Ampere 
contours  from  adjacent  H  components.  Also,  calculations  of 
Ampere  contours  which  cross  the  media  boundary  are  not 
used,  necessitating  that  the  f-field  along  the  corresponding 
Faraday  come  xr  segments,  if  needed,  is  computed  using  the 
nearest  neighbor  approximation,  at  described  above. 

The  Faraday's  law  difference  equation  for  contours  near 
the  surface  is: 


>/*♦»(/+  1/2,;+  1/2) 

-  //--*(/  +  1/2.;+  1/2) 


+£;(/+ 1.;+ 1)  /, -£,"(/+  *,;)•/. 

(30) 


where 


Dm 


it 


(31) 


and  /,  is  the  length  of  the  contour  segment  along  the  media 
interface,  /,  and  /,  are  the  lengths  of  the  bottom  and  top 
contour  segments,  by  is  the  length  of  the  left  contour  Kg' 
ment  and  p  is  the  £M  index. 

The  Ampere’s  law  difference  equation  for  the  auxiliary 
tangential  £-field  components  is: 


£,"*>{/>) -£/(p)  +  «f 


PtprfCTlT  CONDUCTING  CIRCULAR  CTUNOCR 


ANGLE.  PHI 


PCRTTCT1.T  CONDUCTING  CIRCULAR  COJNOeR 


angle,  phi 


Pig.  5.  Coaptraco  of  ndioooal  PDTD.  cootour  FDTD,  and  tua 
manned  eifenssries  solutfoas  for  surface  cwnu  induced  oe  *  circular 
rondartag  cylinder.  (a)  TE  UhuiUnaUon  ft»  TM  ilfcimmanon  (is  -  \,/20 
rasotudoa). 

where  Ab  and  At  are  areas  of  the  left  and  right  portion  )f 
the  Ampere’s  contour,  respectively,  and  bx,  bt,  c,  and  c2 
are  the  coefficients  for  the  //-field  linear  interpolation. 

For  the  CP  modeling  of  dielectric  objects,  TM  illumination 
is  the  dual  at  TE  illumination.  That  is,  switching  the  roles  of 
the  magnetic  field  and  the  electric  field,  the  permeability,  n, 
and  the  permittivity,  «,  and  the  magnetic  current  and  the 
electric  current  means  that  solving  a  TE  illumination  problem 
automatically  provides  data  for  a  dual  TM  illumination  prob¬ 
lem. 

£.  Anisotropic  Objects 

The  CP  modeling  of  anisotropic  dielectric  objects  is  a 
direct  extension  of  isotropic  dielectric  objects.  For  axially 
anisotropic  dielectric  media  the  relationship  between  the  D 
and  £  fields  is 


f  ( V  *•♦*(/  +  *.;  +  i*)  +  v  //"**('  +  *. ;  ♦  *))//W'  +  j)  - ' 

(c,  •  //*♦*(/  +  H,;+i)  +  c,  •  //-♦»(/  +  i i, ;  -  *))/*,<,(/  +  i$, ;) 
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PERFECTLY  CONDUCTING  ELLIPTICAL  CYLINDER 
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Fif .  6.  CompariM*  of  amour  FDTD  tad  machod  of  momaatt  totakxu  for  nirftc*  currm  iadacad  oo  an  allipOcal  cooductmj 

cyliadar,  TE  i  Hum  Marion  (ix  ■  \  /20  motuooa) 


This  tentor  relationship  results  in  an  Ampere's  law  difference  The  next  shape  considered  is  an  elliptical  cylinder,  sub¬ 
equation  which  is  a  alight  modification  of  (32).  jected  to  TE  illumination  aioog  its  major  axis.  The  circumfer¬ 

ence  of  the  cylinder  is  10  wavelengths  and  its  axis  ratio  is 


Er'(p)  -*;(*>)  +  *r 

[  -(c,  /r*‘(/  +  i*.;  +  i)  +  cI- «*♦»(/ ♦  !*./-*))/*,* 


(34) 


where  id*  and  A,  are  areas  of  the  left  and  right  portion  of 
the  Ampere's  law  coatour,  respectively,  and  b{,  bJ,cl  and 
c,  are  the  coefficients  for  the  H- field  linear  interpolation,  and 

K  -  «Mtcot2  b  •¥  «,,sui**  (35) 

where  b  is  the  angle  £M  makes  with  the  positive  x-axis. 
The  Faraday's  law  difference  equation  for  this  case  is  identi¬ 
cal  to  the  isotropic  case  (30).  As  in  the  isotropic  case,  TM 
illumination  is  the  dual  of  TE  illumination. 

IV.  Numwcal  Risults 

In  this  section  analytical  and  numerical  data  validations  of 
the  CP  method  are  presented.  Objects  of  various  shapes  and 
compositions  are  analyzed. 

A.  Perfectly  Conducting  Objects 

The  first  shape  considered  is  a  k0a  -  5  circular  cylinder, 
subjected  to  TE  and  TM  illumination.  Fig.  5  is  a  plot  of  the 
CP  predicted  surface  current  and  the  traditional  (stepped) 
FDTD  predicted  surface  current  compared  to  the  series  solu¬ 
tion.  The  CP  method  achieves  an  accuracy  of  1  %  or  better  at 
most  surface  points  resulting  in  accurate  modeling  of  the 
peak  and  null  structure  of  the  current  distribution.  This  figure 
also  shows  that  the  CP  method  is  a  significant  improvement 
over  the  traditional  FDTD  method. 


2:1.  Fig.  6  is  a  plot  of  the  CP  ptedkted  surface  current 
compared  to  the  method  of  momenta  solution.  Once  again, 
the  CP  method  achieves  accurate  modeling  of  the  peak  and 
null  structure  of  the  current  distribution. 

The  final  shapes  in  this  category  are  wing-like  bodies, 
depicted  in  Fig.  7.  It  consists  of  a  10  in  x  12  in  metal  plate, 
having  steeply  sloped  sides  with  a  central  six  inch  radius 
chamfer  on  one  side  and  either  flat  on  the  other  side  or 
having  a  symmetrically  positioned  V-shaped  vertical  slot  on 
the  other  side.  The  measured  data  to  be  presented  are  for 
these  three  dimensional  shapes,  while  the  numerical  data  (the 
CP  method  and  method  of  moments)  are  for  the  two  dimen¬ 
sional  shapes  which  result  from  allowing  the  12  in  dimension 
to  go  to  infinity.  Fig.  8(a)  shows  the  monostotic  radar  cross 
section  of  the  plate  with  the  flat  side.  It  is  illuminated  with  a 
10  GHz  TM  polarized  wave.  Fig.  8(b)  shows  the  monostatic 
radar  croas  section  of  the  plate  with  the  V-siotted  side.  It  is 
illuminated  with  a  16  GHz  TE  polarized  wave.  There  is 
generally  good  agreement  between  the  three  sett  of  RCS 
data.  In  the  low  RCS  regime  near  grazing  incidence  Fig.  8(b) 
shows  that  the  CP  method  provides  substantially  better  agree¬ 
ment  with  the  measurements  than  MM.  The  residual  dis¬ 
agreement  between  the  CP  and  measured  data  is  a  conse¬ 
quence  of  the  difference  between  the  idealized  2-D  computa¬ 
tional  model  and  the  actual  3-D  physical  measured  target. 

For  a  given  grid  density,  the  CP  method  permits  an  object 
to  be  modeled  more  accurately  than  the  traditional  FDTD 
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Fig.  7.  Mochmicml  dmripbon  of  the  wiag-Uka  body.' 


method.  Both  TE  and  TM  cases  are  shown.  Studies  for  the 
wing-like  object  indicate  that  1/20  (ridding  with  CP  sur¬ 
face  modeling  provides  moaostatic  RCS  accuracy  better  than 
with  1/80  \j  traditional  (staircased)  FDTD.  This  effect  is 
most  pronounced  for  incident  angles  near  90*  as  shown  in 
Fig.  8(b).  This  is  a  very  larte  advantage:  in  2-0,  more  than 
16:1  in  storage  and  64:1  in  run  time  and  in  3-D,  more  than 
64:1  in  storage  and  236:1  in  run  time. 

B.  Dielectric  Objects 

The  first  shape  considered  is  a  TE  illuminated  kaa  »  3 
circular  cylinder,  with  «,  •  4.  Fig.  9  is  a  plot  of  the  CP 
predicted  electric  and  magnetic  surface  current  compared  to 
the  series  solution.  The  CP  method  achieves  an  accuracy  of 
1%  or  better  at  most  surface  points  resulting  in  accurate 
modeling  of  the  peak  and  null  structure  of  the  cunem  distri¬ 
butions. 


T««t  Body  with  No  Vortical  Slot 

ViMlltl  Ml.  I|  .  IMatUtU 


AZIMUTH  (OtGAECS) 


T«tt  Body  with  V-Shopod  VoMicoi  Slot 

Pei.  i#  •»!.  PCS 


A2IMOTH  (D(CAECS) 

Fij.  t.  CompAruoa  at  contour  FDTD.  method  of  moment*  ind  owind 
dot*  for  the  rider  croee  ttctm  of  ■  wisg-Uke  body-  <•)  TM  iliuaUaeooo 
with  oo  ilot,  (b)  TE  iWundMMion  with  a  Viheped  tka. 


The  final  shape  in  this  category  U  a  TE  illuminated  k0a  - 
2.3  anisotropic  circular  cylinder.  The  dielectric  and  magnetic 
coefficients  for  this  object  are  «  2«0.  tr,  *  4t0  and 
m  -  2  n0.  Fig.  10  is  a  plot  of  the  CP  predicted  magnetic 
surface  current  compared  to  the  combined  field  integral  equa¬ 
tion  (CFIE)  MM  solution  (18).  The  CP  method  agrees  with 
the  MM  results  to  1%  or  better  at  most  surface  points 
resulting  in  accurate  modeling  of  the  peak  and  null  structure 
of  the  current  distributions. 

V,  Conclusion 

This  paper  has  introduced  a  generalization  of  the  FDTD 
method,  the  contour  path  method.  Examples  of  CP  modeling 
of  two  dimensional  electromagnetic  wave  scattering  are  pre¬ 
sented.  Objects  of  various  shapes  and  compositions  are  ana¬ 
lyzed.  The' method  accurately  models  the  illumination  of 
bodies  with  curved  surfaces,  yet  retains  the  ability  to  model 
corners  and  edges.  The  CP  modeling  of  three-dimensional 
objects  is  presently  being  investigated. 


A213 


juhoens  *  «/  roro  mooojno  op  curved  suwacm 


ms  • 


I 


I 

.1 


Fi|  9.  Comparisoo  of  contour  FDTD  and  exact  tummad  etftaseriaa 
•ofankm  for  TE  taifn  current  induced  oo  •  dMactric  circular  cylinder, 
(for  m  Arf/20  reaohido*). 


Surface  Magnetic  Current 


Fi«.  10.  ConpuliOQ  of  coBloyf  FDTD  wd  whod  of  nwnwBtt  toluticoi 
for  TE  mirUc*  cvrmc  uxtucod  oo  •*  uuotroptc  circular  cylinder  wuH 
«i.  ■  2«o.  i„  •  fio  ud  »  •  Zmq. 


REFERENCES 

(1)  K.  R.  Utnaahnakar,  A.  Tailor*.  B.  Brfcw.  end  K.  Yae,  "  Calculation 
and  experimental  validation  of  induced  current*  on  coupled  wires  m 
an  arbitrary-shaped  cevtty,"  IEEE  Trans.  Anttnnas  Proposal  . 
vol.  AP-JJ.  pp.  1244- 1237,  Nov.  1917. 

(2)  N.  Madtee  and  R.  ZioUowtb,  "Numerical  solution  of  Maxwell's 

in  date  f«"'‘  using  inefular  nonorthogonal  grids,"  Wav* 
Motion,  vol.  10.  pp.  3tt-S96.  Dec.  19M. 

(3)  M.  Fuaeo,  "FDTD  algorithm  tn  curvilinear  coordinate*."  IEEE 
Trans.  Anttnnas  Proposal ,  vol.  31.  pp.  76-89.  Jan.  1990. 

(4|  V.  Shankar.  W.  Hall,  and  A.  H.  Mohammadian.  "A  three-dimen¬ 
sional  Maxwell's  equation  solver  tor  computation  of  scattering  from 
layered  madia."  IEEE  Trans.  Mofn.,  vol.  25.  pp.  309B-3I03.  luly 
19B9. 

[SI  B.'J.  McCartia  and  J.  P.  DtCallo,  "Three-dimensional  fltutc  difler- 
eace  frequency  dnmein  scattering  using  dm  control  region  approxima¬ 
tion."  IEEE  Trans  Magn  ,  vol.  23.  pp.  3092-3094.  luly  1919 

(6)  A.  Taflove  and  K.  H.  Umeehankar.  "The  Baits  difference  tune 

(FD-TD)  method  for  electromagnetic  scattering  and  utterac- 
boo  problems,"  J.  Ekctromofn.  Warms  Appl,  1(4)  303-387.  1987. 

(7)  A.  Taflove  and  K.  Umathankar.  "Radar  cross  section  of  general 
three -dimensional  scatters.  IEEE  Trans.  Ekctromagn.  Compat.. 
vol.  EMC-23,  pp.  433-440.  Nov  190 

(8)  K.  Umeehankar  and  A.  Taflove.  "Analytical  models  for  electromag¬ 
netic  scattering,"  Hasacom  Air  Development  Center.  Haaacom  APB, 

MA  Inn  IMS 

(V)  A.  Taflove.  K.  R.  UtMtheakar.  and  T.  0.  Jurgew.  "Validation  of 
FD-TD  modeling  at  tha  rider  cross  section  of  Ehree-duneneionel 
scetteren."  IEEE  Trans.  Anttnnas  Proposal-,  vol.  AP-33,  pp. 
662-666.  Juan  19*3 

(10)  K.  S.  Yea.  "Numerical  solution  of  initial  boundary  value  problems 
involving  Maxwell's  equarinru  in  iaotropic  media,"  IEEE  Trans 
Anttnnas  Proposal.,  vol.  AP-14.  pp.  302-307.  May  1966 

(It)  A.  T.  Periik.  T.  OpacM.  Md  A.  Taflove,  "  Predicting  scenario  of 
alectrocBagnadc  Saida  using  FDTD  on  a  mrmerrton  machine."  IEEE 
Trans.  Masn..  vol.  25.  pp.  2910-2912.  July  1989. 

(12)  Q.  Mar,  "  Absorbing  boundary  conditions  for  the  Anne -difference 
approximetloe  of  amt -domain  ejartrontegDetic  flald  equations."  IEEE 
Trans.  EJactromasn.  Compos.,  vol.  23.  pp.  377-312.  Nov.  1911. 

(13)  T  0.  Moore.  I.  C.  Btaechak.  O.  A.  Kriegamaaa.  and  A.  Taflove. 
“Theory  and  application  of  rsduooo  boundary  operators."  IEEE 
Trans.  Anttnnas  Proposal.,  vol.  36.  pp.  1797-1112,  Dec  1988. 

(14)  K.  R.  Umaahenkar  and  A.  Taflove.  "A  novel  method  to  analyte 
elactrotnegnatsc  scaaariag  of  complex  objects,''  IEEE  Trans.  Eltc- 
iromasn.  Compat..  vol.  EMC-24.  pp.  397-405.  Nov.  19*2. 

(15)  S.  A.  Sehtikuaoff.  “Kirohoff  formula,  its  vector  analogue  and  other 
Bold  equivalence  theorems, "  Comm.  ParaAppt.  Math.,  vol.  4,  pp. 
43-59.  June  1951. 

(16)  A.  Taflove,  K.  R.  Umeahenkar.  and  T.  O.  Jurgen*.  "Comparativ* 
tuna  and  frequency  domaja  sofodon*  of  Maxwell's  equation*  for 
modeling  radar  tom  section."  In  Advances  In  Computar  Methods 
for  Partial  D&trentlai  Equations  -  V.  June  1984.  pp.  406-4)4. 

(17)  R.  Holland  and  J.  W.  Williams,  "Total  flald  versus  scattered  fletd 
Anita  difference  codes,  a  coapandv*  iiiraimanl, "  IEEE  Trans 
/Vs* /.  Set.,  vol.  NS- 30,  pp.  4383-4518.  Dec.  1983. 

(IS)  B.  Baker.  K.  B.  Umaahankar.  and  A.  Taflove,  “Numerical  analysis 
and  validation  of  the  combined  flald  surface  integral  aquations  for 
alectromagnatic  scaaariag  by  arbitrarily  shaped  two  dimensional 
anisotropic  objects."  IEEE  Trans.  Anttnnas  Proposal.,  vol.  37, 
pp.  1573-1311,  One.  1989. 


Tboaaa  G.  Jmrgve*  (M  '83)  mcaivad  the  B  S  E  E 
and  M  S  E  E.  degrew  from  the  UnlvaraUy  of  Dli- 
ootl.  Chicago.  In  1910  and  I9S5.  respectively.  and 
tha  Fh.D.  dag tea  in  slectrtcal  engineering  from 
Northwester*  University,  Evanatoo,  IL.  in  1990. 

He  wm  with  Northrop  Corporation  Rolling 
Meadows,  0.  from  1990- 1982  and  with  ITT  Re¬ 
search  Institute  from  1982-1913.  Prom  1915  to 
1987  h*  worked  ts  a  research  assistant  at  North  - 
<  tattra  University.  Sine*  1987  ha  ha*  been  at 
Fermi  National  Accelerator  Laboratory,  Batavia. 


A214 


344 


OEM  TRANSACTIONS  ON  ANTENNAS  AND  PROPAGATION,  VOL  40.  NO  4.  APRIL  IW 


0..  Hi*  raaaarcfc  activtda*  have  Modad  Ha  aotdy  of  EMP  Imm too.  phy  ptaaae  aae  paf*  1112  of  Em  Aafua  1991  i*auo  of  thia  Tmhiacdohi. 

ologroaiopate  icanariaf,  pertxie  acoalacoc  Sold  anaJyui  aad  wmkco- 
ductor  device  model  On. 


Aflea  Telove  (M‘7J-SM'(4-F*90).  foe  a  photograph  aad  biography  plan** 
Me  pa|e  906  of  the  July  1991  lame  of  thia  TnansACnowa. 


TV»«ai  G.  Moon  (S'M-M'19)  racaivad  (ha  B.S..  M  S  .  and  Ph  D 
degraee  from  North waoars  Unjveruty.  Evannno.  IL.  to  19(6.  1917.  and 


After  receiving  tha  Ph  D  dafraa,  ha  joined  (ha  technical  naff  In  the  radar 
imaging  group  at  MJT  Lincoln  Laboratory.  While  at  Lincoln  Laboratory  he 
haa  worked  on  problama  tavojvu>|  (loetrornegnaoc  icananni  and  radar 
imaging  Hi*  raaaarch  tstaraat*  include  cooptnattonal  tiactrornagneuc*. 
oolmaar  wave  propagation, 
r  of  Tan  Bau  PI  aad  Eta  Kappa  Nu. 


Honda  lli 


(S'69-M'7J-SM'I1),  for  a  photograph  aad  biogra- 


Dr.  Moore  iia 


IEEE  TRANSACTIONS  ON  ANTENNAS  AND  PROPAGATION,  VOL.  40,  NO,  S,  AUOUST  1992 


867 


Numerical  Analysis  of  Electromagnetic 
Scattering  by  Electrically  Large 
Objects  Using  Spatial 
Decomposition 
Technique 

Korada  R.  Umashankar,  Senior  Member,  IEEE,  Sainath  Nimmagadda,  Student  Member,  IEEE,  and 

Allen  Taflove,  Fellow,  IEEE 


Abstract — The  boundaiy  value  integral  equation  and  method 
of  moments  numerical  technique  is  widely  utilized  for  the  study 
of  electromagnetic  scattering  by  arbitrary  shaped  conducting 
and  penetrable  objects.  Even  though  this  direct  approach  is 
elegant  as  Ear  as  its  application  to  analyze  electrically  large 
object  is  concerned,  it  inherently  suffers  from  t  wide  range  of 
computational  difficulties.  The  method  of  moments  system  mi* 
trix  is,  in  general,  ftill  and  dense,  requiring  impractical  demand 
on  computer  resources.  In  addition  to  operational  numerical 
errors  and  UI*condltioning  involved  in  the  solution  of  large  scale 
matrix  equation,  the  direct  numerical  technique  bears  progres¬ 
sive  degradation  of  accuracy  of  the  near-field  solution  as  the  size 
of  the  system  matrix  increases.  The  apparent  computational 
difficulties  with  the  direct  integral  equation  and  method  of 
moments  has  prompted  an  alternative  numerical  solution  proce¬ 
dure  based  on  the  spatial  decomposition  technique.  Using  rigor¬ 
ous  electromagnetic  equivalence,  the  spatial  decomposition  tech¬ 
nique  virtually  divides  an  electrically  large  object  into  a  multi¬ 
plicity  of  subzones.  It  permits  the  maximum  size  of  the  method 
of  moments  system  matrix  that  need  be  inverted  to  be  strictly 
limited,  regardless  of  the  electrical  size  of  the  large  scattering 
object  being  modeled.  The  requirement  on  the  computer  re¬ 
sources  is  of  order  (N),  where  jV  is  the  number  of  spatial 
subzones  and  each  subzone  is  electrically  small  spanning  in  the 
order  of  a  few  wavelengths.  Numerical  examples  are  reported 
along  with  comparative  data  and  relative  error  estimation  to 
expose  applicability  and  limitation  of  the  spatial  decomposition 
technique  for  the  two-dimensional  scattering  study  of  electrically 
large  conducting  and  dielectric  objects. 


I.  Introduction 

THE  frequency  domain  analysis  of  electromagnetic 
scattering,  penetration  and  interaction  by  arbitrary 
shaped  conducting  and  dielectric  objects  can  be  conve¬ 
niently  formulated  using  the  boundary  value  integro-dif- 
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ferential  equations.  The  boundary  value  equations,  such 
as  the  electric  field,  the  magnetic  field  and  the  combined 
field  integral  equations  [l]-[3]  have  been  extensively  uti¬ 
lized  to  model  various  electromagnetic  interactions  associ¬ 
ated  with  arbitrary  shaped  two  and  three  dimensional 
objects.  Generally,  the  near  surface  electric  and  magnetic 
fields  or  the  corresponding  equivalent  magnetic  and  elec¬ 
tric  current  distributions  are  treated  as  unknowns  in  the 
integral  equations,  and  are  solved  by  applying  straight 
forward  method  of  moments  numerical  technique  [3]-[6j. 
Invariably,  the  numerical  technique  based  on  the  method 
of  moments  converts  the  operator  type  of  linear  integral 
equation  into  an  equivalent  matrix  equation  by  expanding 
the  unknown  current  distributions  in  terms  of  a  linearly 
independent  set  of  expansion  functions  and  testing  the 
integral  equation  by  a  suitable  set  of  weighting  functions. 
This  direct  technique  appears  to  be  an  elegant  means  for 
modeling  and  analyzing  electromagnetic  scattering  and 
interaction  by  both  canonical  and  arbitrary  shaped  con¬ 
ducting  and  dielectric  objects.  In  fact,  a  large  class  of  both 
two-  and  three-dimensional  problems  has  been  studied 
and  reported  extensively  in  the  literature  [3],  [6]— [9].  How¬ 
ever,  there  are  key  limitations  and  relative  error  estima¬ 
tions  which  render  the  direct  integral  equation  and  method 
moments  technique  unattractive  beyond  low  and  resonant 
frequencies. 

The  direct  integral  equation  and  method  of  moments 
technique  generate  a  system  of  linear  equations  having 
dense,  complex  valued,  full  coefficient  matrices.  For  a 
conventional  matrix  approach,  the  required  computer 
storage  is  of  the  order  0(Pl)  +  CpP  where  P  is  the 
number  of  surface  patches  and  Cp  is  a  constant  which 
depends  upon  the  scatterer  geometry  and  desired  display 
of  the  numerical  solution.  Similarly,  the  execution  time  is 
of  the  order  of  0{P 2)  +  CqP  to  0(P3)  +  CrP,  where  C 
and  C,  are  constants  which  depend  upon  numerical  model 
adapted  to  generate  the  system  matrix,  and  further,  solve 
for  the  unknown  surface  currents.  With  a  spatial  resolu¬ 
tion  requirement  in  the  order  of  A/5-A/10  to  avoid 
aliasing  of  vital  near-field  magnitude  and  phase  informa- 
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tion  implies  that  arbitrary  three-dimensional  structures 
jpiffwing  more  than  5A  would  exhaust  most  existing  and 
planned  mainframe  computer  resources  [71  [10].  The  di¬ 
mensionally  large  computer  resource  requirement  has,  in 
fact,  served  to  place  such  a  “cap”  on  problem  applica¬ 
tions. 

The  large  system  matrix  (of  electrically  large  object) 
generated  by  the  direct  integral  equation  and  method  of 
moments  numerical  technique  tends  to  become  highly 
ill-conditioned.  This  potentially  degrades  the  accuracy  of 
the  computed  results  [11].  The  accuracy  of  the  numerical 
solution  may  also  be  due  to  floating  point  word-length 
used  in  the  computer  and  numerical  procedure  used  for 
computing  individual  elements  and  inversion  of  the  sys¬ 
tem  matrix.  Accumulating  errors  of  these  types  can  be 
troublesome,  especially  when  hundreds  of  millions  of  ma¬ 
trix  elements/floating  point  operations  are  involved  in 
one  modeling  problem. 

The  computational  difficulties  with  the  direct  integral 
equation  and  method  of  moments  solution  technique  have 
prompted  a  number  of  alternative  approaches,  such  as 
combining  the  method  of  moments  and  a  high  frequency 
technique  to  obtain  a  hybrid  formulation  [12],  [13]  and 
also  its  related  iterative  variations  [14],  [15].  In  addition, 
iterative  matrix  solution  methods  including  conjugate  gra¬ 
dient,  spectral  iterative  approaches  [16],  [17]  have  been 
investigated  as  tools  to  study  electrically  large  scattering 
problems.  It  is  not  yet  dear  that  the  hybrid  and  iterative 
approaches  proposed  to  date  for  electrically  large  objects 
possess  the  broad  applicability  and  excellent  accuracy  that 
the  full  matrix  method  of  moments  approach  evidences 
for  the  case  of  electrically  small  objects. 

This  paper  presents  preliminary  findings  of  a  novel 
methodology,  which  has  been  reported  recently  [3],  [18], 
[19],  [26],  spedfically  referred  to  as  the  spatial  decomposi¬ 
tion  technique  (SDT)  for  the  integral  equation  and  method 
of  moments  that  shows  promise  in  significantly  reducing 
both  the  dimensionality  and  ill-conditioning  of  the  compu¬ 
tational  burden.  In  fact,  the  spatial  decomposition  permits 
the  maximum  size  of  the  method  of  moments  system 
matrix  that  need  be  inverted  to  be  strictly  limited,  regard¬ 
less  of  the  electrical  size  of  the  electromagnetic  scattering 
target  being  modeled.  Using  rigorous  electromagnetic 
equivalences  [20],  the  spatial  decomposition  technique 
allows  one  to  divide  an  electrically  large  arbitrary  shaped 
material  object  into  a  multiplicity  of  subzones.  The  indi¬ 
vidual  subzones,  in  fact,  are  separated  by  virtual  surfaces 
across  which  cancelling  tangential  electric  and  magnetic 
virtual  currents  are  postulated.  The  subzones  are  defined 
as  distinct  scattering  targets  having  fully  enclosing  sur¬ 
faces  with  additional  unknown  virtual  electric  and  mag¬ 
netic  currents  introduced  as  needed  to  define  the  inter¬ 
faces.  The  eleocromagnetic  field  boundary  conditions  are 
well  preserved  by  simulating  across  the  interface  separat¬ 
ing  two  subzones  by  requiring  that  the  tangential  virtual 
currents  on  one  side  of  the  interface  must  be  equal  but 
opposite  to  the  tangential  virtual  currents  on  the  other 
•kIc.  By  sequentially  implementing  the  integral  equation 


and  method  of  moments  solution  for  each  subzone,  effec¬ 
tively  “scanning”  the  original  target  subzone  by  subzone,  a 
rapidly  convergent  iterative  process  is  established. 

This  paper  reports  a  preliminary  study  of  the  spatial 
decomposition  technique  to  analyze  electromagnetic  scat¬ 
tering  by  arbitrary  shaped  electrically  large  two-dimen¬ 
sional  perfectly  conducting  and  dielectric  scatterers.  Nu¬ 
merical  results  of  the  near  surface  currents  and  radar 
cross  section  along  with  comparative  validation  data  and 
relative  error  estimation  based  on  matrix  condition  num¬ 
ber  [21],  [22]  are  reported  in  this  paper  to  expose  applica¬ 
bility  and  limitation  of  the  SDT  for  electromagnetic  scat¬ 
tering  by  an  electrically  large  perfectly  conducting  thin 
strip  scatterer,  perfectly  conducting  rectangular  and  wedge 
type  scatterers  and  homogeneous  dielectric  rectangular 
scatterer. 

II.  Spatial  Decomposition  Technique 

Fig.  1  illustrates  an  arbitrary  shaped  two-dimensional 
isotropic  homogeneous  dielectric  scattering  object.  It  is 
excited  externally  by  a  transverse  magnetic  (TM)  polar¬ 
ized  plane  wave  propagating  in  a  direction  normal  to  the 
z-coordinate  axis.  As  shown  in  Fig.  1,  axially  directed 
equivalent  electric  currents  /,( p')  and  transverse  directed 
equivalent  magnetic  currents  Afr(  p’)  reside  on  a  virtual 
boundary  conforming  to  the  physical  surface  of  dielectric 
scatterer.  This  scattering  object,  in  fact,  is  appropriate  for 
formulating  a  set  of  coupled  combined  field  integral  equa¬ 
tions  (CFIE)  by  invoking  the  electromagnetic  equivalence 
principle  [2],  [7],  [20]  and  by  treating  the  two  surface 
electric  and  magnetic  currents  as  initially  unknown  distri¬ 
butions.  Further,  the  method  of  moments  numerical  tech¬ 
nique  can  be  implemented  (for  the  scatterer  taken  as  a 
whole)  to  solve  for  the  two  unknown  surface  currents  as 
discussed  in  [3],  [6],  [9].  There  exist  only  the  following 
components  of  electric  and  magnetic  field  distributions: 

£.(  p,  <f>)z  total  axial  component  of  electric  field  distri¬ 
bution 

p,  4>)i>  total  normal  component  of  magnetic  field 
distribution 

Hr(  p,  $) s  total  tangential  component  of  magnetic  field 
distribution. 

Referring  to  Fig.  1, 

/eq(p')=f7f(p')  (la) 

-  v'  x  s'HT(p',<t>'),  p'onC  (lb) 

A?eq(p')  -i'Af,(p')  (2a) 

-  -v'  xi'^p'.f),  ponC.  (2b) 

For  the  TM  normal  excitation,  based  on  the  above 
components  of  unknown  electric  and  magnetic  current 
distributions,  the  z-component  of  scattered  electric  field 
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and  r<omponent  of  scattered  magnetic  field  are  obtained 

by 

1  - 

±3J.x(P)  "  ‘I *>*m(  P,  «)  “  f  •  Vr  X  —fm(  P,  <*>) 

(3a) 

±HU  p)  -  -r-jwFm(  p,  co)  -  ^*m(  p,  co) 

+  f-VrX — Am(p,co)  (3b) 

r 

where  on  the  left-hand  side,  the  positive  sign  is  selected 
for  the  region  (m  -  1)  outside  the  dielectric  scatterer 
with  p  on  or  outside  the  boundary  contour  C,  and  the 
negative  sign  is  selected  for  the  region  (m  -  2)  inside  the 
dielectric  scatterer  with  p  on  or  inside  the  boundary 
contour  C.  The  vector  and  scalar  potential  integrals  in 
(3a)  and  (3b)  are  given 

AJ  ~p)  "  IJ //7*<  P’)Hf>(km\p-  p’\)dL(  p ’)  (4a) 
p)  "  Jj  //^(  r)HP{km\  P  ~  P'\)dL(  p')  (4b) 

*~rp)-T^lcw-s’MTrPi) 

■Hf\kJp-p’\)dL(p'), 
for  m  -  1,  p  on  or  outside  C  (freespace  medium) 
for  m  -  2,  p  on  or  inside  C  (dielectric  medium)  (4c) 
and 

\ 

mn(kjp-p'  i) 

Green’s  function  for  the  two-dimensional  case — 
Hankel  function  of  zero-order  and  second  kind 
km :  propagation  constant  for  m  «  1  and  m  -  2  regions 

“  «m  ■  (4d) 

The  complete  derivation  of  the  coupled  combined  field 
integral  equations  can  be  found  in  [2],  [3],  [7],  [6],  and  [9] 
by  invoking  the  electromagnetic  equivalences  for  regions 


1  and  2,  and  the  boundary  conditions  that  the  tangential 
components  of  total  electric  and  magnetic  fields  are  con¬ 
tinuous  across  the  boundary  C.  Only  a  summary  of  the 
relevant  CFIE  expressions  which  are  useful  for  develop¬ 
ment  of  the  spatial  decomposition  technique  are  given 
below 

E‘,(p)-  L  P')) 

m  « 1 

+  Z^[Mtrp')l  P° nC  (5a) 

m  - 1 

Hl(p)-  i  p1) 

m  ■  1 

+  £^[AfT(p')],  p  on  C  (5b) 

m  •  1 

where  the  CFTE  partial  integral  operators  [3],  [6],  [9]  for 
the  two-dimensional  case  are 


ST"  -  (6a) 

\dL'  (6b) 


,  (x  -x  y  -  y 

-  fc  C0S  0  +  ~~]f~  S'm  n 


dL'  (6c) 


-  jc cos(n  -  V)\-f-H?\kmR)\dL' 


d  , 

—  dL' 

dS  J c 


Acop., 


■m2\kmR) 


77’ 


(66) 


In  (5a)  and  (5b),  E‘:  represents  the  TM  polarized  axial 
component  of  the  incident  plane  wave  electric  field  excita¬ 
tion  and  H't  represents  corresponding  transverse  compo¬ 
nent  of  the  incident  magnetic  field  excitation.  In  the  case 
of  direct  method  of  moments  solution  [4]-[7],  the  axial 
electrical  current  Jz  and  the  transverse  magnetic  current 
Mr  distributions  are  expanded  in  terms  of  suitable  ex¬ 
pansion  functions,  such  as,  staggered  pulse  expansion 
functions  discussed  in  [7].  Further,  the  coupled  CFIE 
expressions  (5a)  and  (5b)  are  tested  on  both  sides  by  the 
weighting  functions  chosen  to  be  same  as  the  expansion 
functions  in  order  to  reduce  the  coupled  set  of  integral 
equations  to  their  equivalent  partitioned  matrix  equation. 
Based  on  the  direct  method  of  moments  numerical  solu¬ 
tion,  extensive  numerical  data  for  the  near  surface  current 
distributions  and  the  radar  cross  section  results  are  re¬ 
ported  in  the  literature  [5]— [9]  both  for  the  electrically 
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snail  and  the  resonant  size  conducting  and  dielectric 
b  scattering  objects.  As  the  electrical  size  of  the  scatterer 
increases,  this  direct  solution  technique  puts  impractical 
demand  on  the  computer  resources,  in  addition  to  various 
« unsettled  numerical  accuracy  and  ill-conditioning  prob¬ 
lems  of  the  large  system  matrix  associated  with  the  elec¬ 
trically  very  large  object. 

In  order  to  circumvent  high  demand  on  the  computer 
resources  and  also  reduce  numerical  difficulties,  the  for¬ 
mulation  of  the  boundary  value  problem  is  modified  still 
retaining  all  the  physics  of  electromagnetic  scattering  and 
interaction  as  depicted  schematically  in  Figs.  2(a)  and 
2(b).  Fig.  2(a)  represents  a  rectangular  homogeneous  di¬ 
electric  scatterer  geometry  with  unknown  surface  electric 
and  magnetic  current  distributions  on  a  virtual  boundary. 
An  identical  geometry  is  repeated  in  Fig.  2(b),  but  the 
virtual  boundary  contour  is  modified  to  define  (in  this 
case)  two  distinct  spatial  subzones.  A  key  point  to  note  is 
that  at  the  virtual  interface  separating  the  two  subzones, 
the  tangential  virtual  currents  on  one  side  of  the  interface 
must  be  equal,  but  opposite  to  the  tangential  virtual 
currents  on  the  other  side  of  the  interface.  In  fact,  the 
scatterer  can  be  divided  into  an  arbitrary  number  of  N 
distinct  spatial  subzones  in  this  manner  (in  Fig.  2(b), 
N  -  2).  Now,  the  usual  combined  field  integral  equation 
and  method  of  moments  technique  is  used  to  compute  the 
electric  and  magnetic  currents  along  the  enclosing  surface 
of  one  subzone.  In  effect,  the  subzone  is  treated  as  a 
distinct  scatterer.  It  should  be  noted  that  a  part  of  the 
subzone’s  surface  is  the  virtual  interface  separating  it 
from  the  adjacent  subzone.  The  excitation  for  this  sub¬ 
zone  consists  of  the  original  incident  plane  wave  and 
additional  excitation  due  to  the  electric  and  magnetic 
currents  residing  on  the  surfaces  on  the  remaining  spatial 
subzones  and  radiating  into  •the  free  space.  Initially,  the 
additional  excitation  due  to  the  currents  on  the  remaining 
spatial  subzones  is  not  known.  But,  these  can  be  conve¬ 
niently  approximated  to  a  zeroth-order  using  either  the 
physical  optics  (PO)  [23]  or  possibly  a  first-order  better 
approximation  based  on  the  on-surface  radiation  condi¬ 
tion  (OSRC)  theory  [24],  [25].  Hence,  for  subzone  1,  the 
CFIE  takes  the  form 

Flip)  -  L-#'[/,i(p')]  +  E-^"[A f„(p’)]  (7a) 

m-l  m-l 

gUp)-  E^V..(p')]+ 

m-l  m-l 

for  subzone  1,  p  on  C:  (7b) 

•/ji(p')  unknown  electric  current  distribution  for  the 
subzone  1 

Mt}(  p')  unknown  magnetic  ament  distribution  for  the 
subzone  1 

where  the  boundary  contour  C,  encloses  completely  the 
spatial  subzone  1.  The  total  excitation  for  the  spatial 
subzone  1  is  given  by  plane  wave  excitation  and  additional 


m  «  1 


(*> 


Fig.  2  (a)  Distribution  of  equivalent  electric  and  magnetic  currents  on 
a  virtual  surface,  (b)  Distribution  of  equivalent  electric  and  magnetic 
currents  on  a  modified  virtual  surface  for  the  spatial  decomposition 
technique. 


excitation  due  to  the  remaining  spatial  subzones,  n  - 
2,3, 4,-,  N 

F‘(  p)-E‘(p) 

-  L^M[KnCp;)]  (8a) 

n  -  2  n  —  2 

n - 2  n -2 

for  subzone  1,  and 

p„'  on  nth  subzone  boundary  C„.  (8b) 

The  analysis  is  now  shifted  to  the  next  adjacent  subzone. 
The  excitation  for  this  subzone  consists  of  the  original 
plane  wave  and  additional  excitation  due  to  the  aments 
on  the  surfaces  of  the  remaining  subzones,  including  the 
updated  currents  on  the  first  subzone.  In  this  manner,  the 
step-by-step  analysis  approach  can  be  sequentially  imple¬ 
mented  for  rest  of  the  subzones,  effectively  scanning  the 
original  scatterer  subzone  by  subzone,  always  using  the 
incident  plane  wave  and  the  latest  surface  currents  as  the 
excitation  for  the  subzone  of  interest.  This  iterative  pro¬ 
cess  appears  to  differ  from  any  yet  proposed  in  that:  1) 
subzones  are  used  rather  than  the  complete  structure  at  a 
time,  and  2)  the  subzones  are  not  completely  related  to 
individual  blocks  of  the  original  full  matrix  problem; 
rather,  the  subzones  are  defined  as  distinct  targets  having 
fully  enclosing  boundary  surfaces  with  additional  virtual 
electric  and  magnetic  current  unknowns  (still  maintaining 
the  boundary  conditions)  introduced  as  needed  to  define 
the  virtual  interface  consistently  between  the  subzones. 
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Thus,  the  SDT  provides  means  to  implement  the  exist¬ 
ing  integral  equation  and  method  of  moments  technique 
with  a  computer  memory  and  execution  time  requirement 
of  OiN),  where  Af  is  the  number  of  spatial  subzones. 
Since  each  subzone  is  electrically  small,  spanning  few 
wavelengths  either  in  the  two-  or  three-dimensional  scat¬ 
tering  problems,  it  is  expected  that  conditioning  of  the 
method  of  moments  system  matrix  resulting  for  each 
subzone  is  acceptable  for  numerical  processing  with  lim¬ 
ited  demand  on  computer  resources.  In  the  following, 
several  scattering  case  studies  are  presented  along  with 
relative  error  estimation  based  on  the  matrix  condition 
number  [21],  [22]  to  expose  preliminary  studies  of  the  SDT 
to  analyze  electromagnetic  scattering  by  two-dimensional 
perfectly  conducting  and  dielectric  scatterers.  Numerical 
results  of  the  surface  electric  current  and  radar  cross 
section  data  along  with  comparison  based  on  the  direct 
Gauss-Seidel  algorithm  are  reported  in  this  paper  for  the 
perfecdy  conducting  thin  strip  scatterer,  perfectly  con¬ 
ducting  rectangular  and  wedge  type  scatterers  and  homo¬ 
geneous  dielectric  rectangular  scatterer. 

ni.  Perfectly  Conducting  Scatterer— TM 
Case 

In  order  to  illustrate  the  spatial  decomposition  tech¬ 
nique,  the  electromagnetic  scattering  by  a  perfectly  con¬ 
ducting  thin  strip  and  a  rectangular  scatterer  are  con¬ 
sidered.  Referring  to  Fig.  2(a),  the  conductivity  of  the 
scatterer  is  assumed  to  be  infinite  in  a  limit,  and  the 
thickness  of  the  rectangular  geometry  is  reduced  to  zero. 
For  the  case  of  TM  normal  excitation,  there  exists  only  an 
axially  directed  electric  current  along  the  length  of  thin 
strip  scatterer  given  by  the  difference  betwpen  the  top  and 
bottom  current  distributions.  Referring  to  (5a)  and  (6a), 
the  electric  field  integral  equation  (EFIE)  for  the  two-di¬ 
mensional  perfectly  conducting  case  is  given  by  [l]-[3] 

E‘i(  p)  p')J,  p  on  thin  strip  (9a) 

where  for  the  TM  excitation 

(9b) 

and  the  incident  plane  wave  electric  field  can  be  written 
as 

'«*<♦- ♦'>  (9c) 

<t>‘  incident  angle  of  the  TM  polarized  plane  wave 
excitation. 


(250  x  250)  with  a  current  resolution  of  10  pulse  samples 
per  wavelength.  In  order  to  apply  the  spatial  decomposi¬ 
tion  technique,  the  thin  strip  scatterer  is  divided,  for 
example,  into  five  subzones,  N  -  5.  Maintaining  the  same 
Current  resolution  of  10  samples  per  wavelength,  the 
matrix  size  is  now  only  (50  x  50)  for  each  subzone  model¬ 
ing.  Referring  to  (7a)  and  (8a),  the  EFIE  for  the  first 
subzone  has  the  form 

Ett  P)  ~  E  A,')]  -*{'[ /„<  P  >1. 

*•2 

p  on  subzone  1.  (10) 

On  the  left-hand  side  of  the  SDT  expression  (10),  the 
total  excitation  for  the  spatial  subzone  1  is  given  by  the 
plane  wave  excitation  and  additional  excitation  due  to  the 
electric  currents  on  remaining  spatial  subzones,  n  ■»  2,  3, 
4  and  5.  But,  the  distributions  of  the  electric  current  on 
the  remaining  subzones,  n  -  2,  3, 4  and  5,  are  not  known 
initially.  However,  they  can  be  obtained  approximately 
based  on  either  the  PO  [23]  or  the  OSRC  approach  [24], 
[25],  An  approximate  distribution  of  the  electric  current 
on  a  perfectly  conducting  scatterer  is  obtained  using  the 
normal  derivative  of  the  total  electric  field,  and  for  sub¬ 
zones  n  -  2,  3,  4  and  5  is  given  by 


W) 


-j 

*>1*1 


dE[{p’)  dE'z(  p') 


dv ’ 


dv' 


(11) 


where  r\x  is  the  intrinsic  impedance  of  the  free  space 
medium.  Using  the  second-order  OSRC  boundary  opera¬ 
tor  [22],  an  approximate  relationship  for  the  normal 
derivative  of  axially  directed  scanned  electric  field  on  the 
perfectly  conducting  convex  scatterer  can  be  obtained  as 


<*£,’(  P') 


dv' 


f(0 


f(*') 


+  jkx  + 


8[*, -JHs')] 
j  j2eup') 


Et(p) 


'  2[*,  -ms')]  ds’2  •  (12a) 
curvature  of  an  osculating  circle  drawn  tangential 
to  the  boundary  contour 

tangential  coordinate  variable  along  the  boundary 
contour,  and 


dzE[{p) 


dS 


•  z 


=  -K2[sin2  O'  cos2  4>‘  +  cos2  fi'  sin2  4>l 


The  distribution  of  the  electric  current  on  the  thin  strip 
scatterer  can  be  directly  obtained  by  applying  the  method 
of  moments  numerical  technique  [4]  by  using  a  pulse 
expansion  set  for  representing  the  unknown  electric  cur¬ 
rent  distribution,  and  also  testing  the  EFIE  expression 
(9a)  by  the  same  pulses.  Fig.  3(a)  shows  a  plot  of  the 
magnitude  of  electric  current  on  a  thin  strip  scatterer  of 
total  length,  L  =»  25 A,  excited  at  an  angle  of  incidence 
d-'  =  90°.  This  result  is  obtained  using  a  full  matrix  of  size 


-2sin  IT  cos  Q' cos  d>‘ sin  <t>‘]El{  p').  (12b) 

With  the  normal  broadside  excitation,  <t>‘  -  90°,  the 
above  OSRC  expression  yields  an  initial  current  distribu¬ 
tion,  which  is  a  flat  current,  with  no  current  singularities 
at  the  thin  strip  scatterer  ends.  In  fact,  the  goal  of  the  < 
SDT  is  to  sequentially  update  this  initial  current  for  each 
subzone.  The  analysis  is  now  shifted  to  the  adjacent 
subzone  n  =  2.  The  excitation  for  this  subzone  2  consists 
of  the  original  plane  wave  plus  additional  excitation  due 
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Fig.  3.  (a)  Distribution  of  the  equivalent  electric  current  on  the  thin  strip  scatterer — TM  normal  excitation.  Os)  Bistatic 
radar  cross  section  of  the  thin  strip  scatterer — TM  normal  excitation,  (c)  Monostatic  radar  cross  section  of  the  thin  strip 
scatterer — TM  normal  excitation. 


to  the  approximate  currents  on  the  surface  of  the  remain-  process  is  to  be  repeated  if  the  numerical  data  for  other 
ing  subzones,  n  =  3,  4  and  5  including  the  updated  cur-  angles  of  incidence  is  required.  The  distribution  of  the 
rent  along  the  first  subzone.  This  step-by-step  analysis  electric  current  can  now  be  utilized  for  calculating  either 
approach  is  sequentially  implemented  in  an  iterative  sweep  the  near  electric  and  magnetic  field  distributions  or  the 
for  each  subzone  from  one  end  o£  the.  scatterer  to  the  bistatic  radar  cross-section  data.  In  fact,  the  number  of 
other  end.  Once  the  first  sweep  is  completed,  a  first-order  successive  iterative  sweeps  is  determined  based  on  the 
approximate  distribution  of  the  electric  current  on  the  degree  of  convergence  required  of  the  electric  current  or 
thin  strip  scatterer  is  numerically  simulated.  It  is  noted  the  radar  cross-section  data.  The  far-field  distribution  and 
here  that  no  additional  boundary  conditions  are  enforced  the  radar  cross-section  data  can  be  derived  using  (3a), 
in  the  application  of  SDT.  Better  approximation  of  the  (4a),  and  (9b)  with  the  two-dimensional  Green’s  function 
distribution  of  magnitude  and  phase  of  the  electric  cur-  term  replaced  with  its  large  argument  approximation.  Fig. 
rent  on  the  thin  strip  scatterer  can  be  obtained  by  more  3(b)  shows  a  plot  of  the  bistatic  radar  cross  section  ob- 
iterative  sweeps.  In  Fig.  3(a)  is  shown  the  distribution  of  tained  using  SDT  compared  with  the  direct  method  of 
the  magnitude  of  electric  current  calculated  based  on  the  moments  (MM)  solution.  In  the  angular  range  of  <p  =  30° 
SDT  (with  five  spatial  subzones,  jV  =■  5)  on  the  thin  strip  to  150°,  the  bistatic  radar  cross  section  converges  in  two 
scatterer  excited  with  an  angle  of  incidence  <f>'  =  90°.  The  sweeps  with  less  than  1%  error,  but  for  the  grazing  angles 
results  shown  are  obtained  for  five  sweeps  with  less  than  more  sweeps  are  required,  and  for  the  results  shown  five 
1%  error  in  the  region  separating  two  adjacent  subzones,  sweeps  are  utilized.  Fig.  3(c)  shows  a  plot  of  the  mono- 
It  should  be  noted  that  the  electric  currents  are  valid  only  static  radar  cross  section  obtained  using  SDT  compared 
for  the  specified  angle  of  incidence  and  the  SDT  iterative  with  respect  to  the  direct  (MM)  solution. 


A22 1 


'  V  .  .  .  -  873 

UMASHAWKAR  ««i:  NUMERICAL  ANALYSIS  OP  EM  SCATTERING 


Fig.  4.  (a)  Bistatic  radar  cross  section  of  the  rectangular  conducting  scatterer — TM  normal  excitation,  (b)  Monostatic  radar 
cross  section  of  the  rectangular  conducting  scatterer — TM  normal  excitation,  (c)  Monostatic  radar  cross  section  of  the  wedge 
with  half-cylinder— TM  excitation,  (d)  Bistatic  radar  cross  section  of  me  wedge  with  half-cylinder— TM  excitation. 


In  fact,  numerical  studies  indicate  smaller  subzone  sizes 
[18]  can  be  adapted  with  even  lower  computer  resources, 
but  require  more  iterative  sweeps  for  the  same  degree  of 
convergence.  Tables  I,  II,  and  HI  show  computer  re¬ 
sources  required  on  a  Sun  4.0  Workstation  as  a  function 
of  subzone  size  and  number  of  iterative  sweeps.  The 
representative  case  of  thin  strip  scatterer  of  total  length 
L  =  10A  excited  at  an  angle  of  incidence,  -  90°,  is 
considered  with  a  finer  current  resolution  of  20  pulse 
samples  per  wavelength.  The  results  reported  here  are 
based  on  a  general  unoptimized  computer  algorithm  with 
Gauss-Seide!  numerical  inversion.  The  run  times  re¬ 
ported  in  the  tables,  in  fact,  are  higher  than  many  stan¬ 
dard  optimized  algorithms  [3],  [7]. 

Similar  convergence  behavior  is  observed  for  other 
bistatic  and  monostatic  angles.  The  above  studies  using 
SDT  can  be  easily  extended  for  the  case  of  electromag¬ 
netic  scattering  by  a  perfectly  conducting  rectangular  and 
wedge  type  scatterers.  Fig.  4(a)  shows  a  plot  of  bistatic 
radar  cross  section  of  a  rectangular  scatterer  of  total 
length  L  =  24. 5A  and  width  W  =  0.5A  which  is  excited  at 


TABLE  I 

Direct  MM  Solution 
Bistatic  RCS  in  decibels 

Full  Matrix  Observation  Angle,  Run  Time 

Size  Total  4>  -  90“  in  Seconds 

200  27.971437  205.2 


TABLE  II 

SDT  Solution— Variation  of  Number  of  Subzones 
(Number  of  Sweeps  -  1) 


Subzone 
Matrix  Size 

Number  of 
Subzones 

Bistatic  RCS  in  decibels 
Observation  Angle, 

0  -  90“ 

Run  Time 
in  Seconds 

20 

10 

27.95345306 

10.0 

25 

8 

27.97183609 

12.6 

40 

5 

27.96068573 

23.9 

50 

4 

27.97832870 

34.1 

100 

2 

27.96839523 

121.0 

an  angle  of  incidence  <f>'  =  90°.  This  result  is  obtained 
using  a  full  matrix  of  size  (500  X  500)  for  the  direct  MM 
solution.  Similar  to  the  thin  strip  case  discussed  earlier,  in 
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TABLE  III 

SDT  Solution— Variation  op  Number  op  Sweeps 
(Subzone  Matrix  size  -  50  and  Number  op  svbxonez  -  4) 


Number  of 
Sweep* 

Buutk  RCS  in  decibel* 
Obiervatioo  angle, 

d-W 

Run  Time 
in  Second* 

1 

27.97832870 

3<.l  perjwetp 

2 

27.97790012 

J 

27.97251701 

4 

27.97248459 

J 

27.97203225 

6 

27.97153854 

7 

27.97137250 

« 

27.97138977 

9 

27.97143173 

10 

27.97144699 

order  to  apply  the  spatial  decomposition  technique,  the 
scatterer  is  divided  into  five  subzones,  N  -  5,  and  the 
matrix  size  is  chosen  with  the  same  uniform  resolution  for 
each  subzone  modeling.  Fig.  4(a)  also  shows  a  plot  of  the 
bistatic  radar  cross  section  obtained  using  SDT  compared 
with  the  direct  MM  solution.  Both  forward  and  back 
scattering  data  in  the  angular  range  d>  -  90“  to  120° 
converge  with  only  two  iterative  sweeps,  and  for  the 
angular  range  ^  -  120®  to  150®  convergence  is  obtained 
with  five  sweeps  with  less  than  \%  error.  However,  for  the 
grazing  angles  more  sweeps  are  required,  and  for  the 
bistatic  results  shown  10  sweeps  are  utilized.  The  monos¬ 
tatic  data,  on  the  other  hand,  converges  rapidly  with  only 
two  iterative  sweeps.  Fig.  4(b)  shows  a  plot  of  the  mono- 
static  radar  cross  section  obtained  using  SDT  with  two 
sweeps  compared  with  the  direct  MM  solution.  The 
monostatic  study  has  been  extended  even  for  the  case  of  a 
conducting  wedge  type  scatterer.  Fig.  4(c)  shows  a  plot  of 
the  monostatic  radar  cross  section  obtained  for  a  two-di¬ 
mensional  finite  length  wedge  with  half-cylinder.  Fig.  4(d) 
shows  bistatic  radar  cross  sections  obtained  using  sub¬ 
zones  of  (100  x  100)  and  (50  x  50)  matrix  systems.  TM 
normal  excitation  with  d'  «■  0®  is  assumed  to  be  incident 
on  the  tip  of  the  wedge.  In  Figs.  4(c)  and  4(d),  the  SDT 
numerical  results  are  compared  with  the  direct  MM  solu¬ 
tion. 

IV.  Error  Analysis  Based  on  Matrix  Condition 
Number 

It  is  evident  that  the  SDT  often  substantial  savings  in 
computer  storage  and  time  as  compared  to  the  direct 
integral  equation  and  method  of  moments  solution.  From 
error  analysis  and  estimation  point  of  view,  the  SDT  deals 
with  only  smaller  matrices  arising  due  to  division  of  the 
large  scatterer  into  multiplicity  of  subzones.  The 
Gauss-Seidel  inversion  of  matrices  inevitably  introduces 
round-off  errors,  the  extent  of  which  essentially  depends 
on  the  sophistication  of  computing  device  and  its  word- 
length.  In  fact,  round  off  enors  are  fairly  random  in 
nature  and  do  not  cancel  out  in  a  given  computation, 
but  rather  tend  to  accumulate  if  later  calculations  are 
based  on  the  earlier  ones.  A  detailed  discussion  concern¬ 
ing  relative  error  analysis  and  estimation  of  the  degree 


ill-conditioning  associated  with  typical  method  of  mo¬ 
ments  scattering  problems  is  addressed  in  [21}  aH  [22] 
using  a  qualitative  figure,  such  as,  the  matrix  condition 
number.  A  convenient  measure  oi  the  condition  of  a 
matrix  can  be  assessed  in  defining 

cond([Z]) -IIZIMIZ  -j|  (13a) 

where  considering  the  infinite  norm,  the  maximum  row 
sum  of  the  matrix 


IIZI1-HZL.  (13b) 

In  solving  the  matrix  equation,  the  condition  number  of 
matrix  represents  an  upper  bound  on  the  relative  uncer¬ 
tainty  in  determining  the  electric  current  distribution.  Just 
in  the  numerical  inversion  alone,  the  direct  method  re¬ 
quires  arithmetic  operations  proportional  to  third  power 
of  the  matrix  size.  But,  in  the  SDT  only  very  small 
matrices  are  dealt  with  proportional  to  electrical  size  of 
subzones.  Fig.  5  shows  variation  of  worst-case  condition 
number  with  number  of  subzones  for  the  strip  and  rectan¬ 
gle  cases  studies  discussed  above.  Thus,  the  submatrices 
corresponding  to  the  subzones  are  better  conditioned 
than  the  large  matrix  of  the  direct  method.  The  condition 
of  the  subzone  matrix  improves  as  it  becomes  smaller, 
however,  this  improvement  cannot  be  extracted  indefi¬ 
nitely  in  view  of  the  stronger  coupling  and  interaction 
with  very  small  subzones. 


V.  Perfectly  Conducting  Scatterer— TE  Case 

The  preliminary  study  of  the  spatial  decomposition 
technique  is  reported  for  the  case  of  perfectly  conducting 
thin  strip  scatterer  with  transverse  electric  (TE)  excita¬ 
tion.  For  the  case  of  TE  normal  excitation,  there  exists 
only  a  tangentially  directed  electric  current  along  the 
boundaty  of  scatterer.  Referring  to  (5b)  and  (6d),  and 
considering  its  dual  representation  for  the  induced  elec¬ 
tric  current,  the  EFTE  is  given  by  (l]-[3) 


e‘(  p)  -  /  c<*(n  -  n')/T(  -P  )  di' 


a  r  d 

p  on  thin  strip. 


jzrH^k'R) 


dL’, 


(13) 


Again,  the  distribution  of  the  electric  current  on  the  thin 
strip  scatterer  can  be  directly  obtained  by  using  a  pulse 
expansion  set  for  representing  the  unknown  electric  cur¬ 
rent  distribution,  and  alto  testing  the  EF1E  expression 
(13)  by  the  same  pulses.  Fig.  6(a)  shows  a  plot  of  the 
magnitude  of  electric  current  on  a  thin  strip  scatterer  of 
total  length,  L  ■  25  A,  excited  at  an  angle  of  incidence 
4>' ■  90°.  This  result  is  obtained  using  a  full  matrix  of  size 
(250  x  250)  with  a  current  resolution  of  10  pulse  samples 
per  wavelength.  Similar  to  the  TM  case  discussed  earlier, 
in  order  to  apply  the  spatial  decomposition  technique,  the 
thin  strip  scatterer  is  divided  into  five  subzones,  N  -  5. 
Providing  the  same  resolution,  the  SDT  matrix  size  is  only 
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(SO  x  SO)  for  each  subzone  modeling.  Using  the  OSRC 
TE-boundary  operator  (24),  an  approximate  relationship 
for  the  tangential  electric  current  on  the  perfectly  con¬ 
ducting  convex  scatterer  is  obtained 

s'Jr{  p‘)  -  v'  x  [zH‘,(  P)  +  i'HK  p  )],  p'  on  C 

(14a) 


Sv' 


((s') 


+  Jki 


/<*<*') 


8(*, 


H'Ap) 

(14b) 


j  Ult  av 


(14c) 


With  normal  excitation,  the  above  OSRC  expression 
yields  an  initial  current  distribution,  which  is  a  flat  cur¬ 
rent,  with  no  standing  wave  distribution  along  the  thin 
strip  scatterer.  In  fact,  the  process  cf  the  SDT  is  to 
sequentially  update  this  initial  current  for  each  subzone. 
In  Fig.  6(a)  is  -also  shown  the  magnitude  distribution  of 
electric  current  calculated  based  on  the  SDT  (with  five 
spatial  subzones,  N  •  5).  The  result  shown  is  obtained  for 
five  sweeps  with  less  than  1%  error  in  the  region  separat¬ 
ing  adjacent  subzones.  Fig.  6(b)  shows  a  plot  of  the 
bistatic  radar  cross  section  obtained  using  SDT  compared 
with  the  direct  MM  solution.  In  the  angular  range  of 
d  »  30"  to  150°,  the  bistatic  radar  cross  section  converges 
in  two  sweeps  with  leu  than  1%  error,  but  for  the  grazing 
observation  angles  more  sweeps  are  required,  and  for  the 
result  shown  five  sweeps  are  utilized.  Fig.  6(c)  shows  a  plot 
of  the  monostatic  radar  crow  section  obtained  using  SDT 
compared  with  the  direct  MM  solution. 

VI.  Homogeneous  Dielectric  Scatterer— TM 
Case 

Referring  to  Figs.  2(a)  and  2(b),  the  spatial  decomposi¬ 
tion  technique  presented  in  Section  II  is  now  applied  for 
the  case  of  isotropic,  homogeneous,  lossless  dielectric 
rectangular  scatterer  of  length  L  -  10A  and  width  W  - 
0.25  A  (where  A  is  the  free  space  wavelength)  with  TM 
excitation.  The  angle  of  incidence  is  d'  ■  90*,  and  the 
relative  permittivity  and  permeability  of  the  lossless  di¬ 
electric  scatterer  are  selected  as  -  2.56  and  p,  -  1.0. 
Applying  the  CFIE  discussed  in  Section  n  and  using  a  full 
matrix  of  size  (420  x  420),  the  electric  and  magnetic  cur¬ 
rent  distributions  are  calculated  first,  and  then  the  bistatic 
radar  cross  section  is  obtained  as  shown  in  Fig.  7.  In  order 
to  apply  the  spatial  decomposition  technique,  the  dielec¬ 
tric  rectangular  scatterer  is  divided  into  five  subzones, 
N  •*  5,  and  the  SDT  matrix  size  is  chosen  with  tame 
uniform  resolution  for  each  subzone  modeling.  The  initial 
distributions  of  the  axial  electric  current  and  tangential 
magnetic  current  on  the  dielectric  scatterer  are  obtained 
using  the  first-order  OSRC  boundary  operator  '23].  The 
two  current  distributions  are  sequentially  updated  using 
the  SDT.  Fig.  7  also  shows  a  plot  of  the  bistat  c  radar 
cross  section  obtained  using  SDT  compared  with  the 


Fif.  7.  Bisutic  radar  cross  section  of  the  rectangular  dielectric  teat- 
terer— TM  normal  excitation. 


TABLE  IV 

CownrTE*  Ruouitcai:  Dinner  MM  vgitsus  SOT 


»)  Bisutic  Radar  Croat  Section  of  Thin  Strip 

Excitation 

Strip 

Size 

(A) 

Direct  MM 
Metro  Sue 

MM 

Run  Tune 

(a) 

SDT 

Matrix  Size 

SDTC) 
Run  Time 

(s> 

TM 

10 

200 

205 

50 

34 

TM 

25 

500 

3175 

SO 

83 

TE 

10 

200 

282 

50 

45 

TE 

25 

500 

4210 

50 

109 

b)  Biststic  Radar  Cros  Section  cf  Wedge  with  Half -Cylinder 


MM  SDTT*) 


Direct  MM 

RunTime 

SDT 

Run  Time 

Excitation 

Matrix  SUe 

(t) 

Matrix  SUc 

(») 

TM 

500 

4137 

too 

167 

50 

55 

direct  MM  solution.  The  bistatic  radar  cross  section  con¬ 
verges  in  one  or  two  sweeps  for  broad  side  angles  and 
takes  more  sweeps  for  grazing  incident  angles.  The  SDT 
numerical  data  is  obtained  with  three  sweeps  with  less 
than  1 %  error. 

VI.  Remarks 

Using  rigorous  electromagnetic  equivalence,  the  spatial 
decomposition  technique  divides  an  electrically  large  ob¬ 
ject  into  a  multiplicity  of  subzones.  The  technique  permits 
limiting  the  size  of  the  method  of  moments  system  matrix 
that  need  be  inverted  regardless  of  the  electrical  size  of 
the  large  scattering  object  being  modeled.  Several  numeri¬ 
cal  scattering  case  studies  have  also  been  reported  along 
with  comparison  and  relative  error  estimation  based  on 
condition  numbers  to  expose  possible  applicability  of  the 
spatial  decomposition  technique  to  the  two-dimensional 
scattering  study  of  electrically  large  conducting  and  di¬ 
electric  objects.  Details  of  the  computational  burden  to 
obtain  bistatic  radar  cross  section  of  1)  two  thin  perfectly 
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conducting  strips  of  lengths  10  A  and  25  A  and  2)  wedge 
with  half-cylinder  structure  using  the  direct  MM  tech¬ 
nique  and  the  SDT  are  reported  for  the  TM  and  TE 
excitations. 

(t  can  be  inferred  from  Table  IV  that  the  spatial 
decomposition  technique  can  provide  order  (100:1)  sav¬ 
ings  in  computer  resources  over  the  direct  MM  solution 
for  electrically  large  geometries.  This  comparative  savings 
appears  to  increase  with  the  sire  of  the  scatterer.  In  fact, 
as  the  MM  matrix  size  increases  by  a  factor  of  R  and  the 
direct  MM  run  time  increases  by  R\  the  SDT  run  time 
increases  only  by  R.  This  may  be  quite  significant. 
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Abstract— K  new  algorithm  has  been  developed  that  permits, 
for  the  first  tine,  the  direct  tine  integration  of  the  full-vector 
nonlinear  Maxwell's  equations.  This  new  capability  permits  the 
nodding  of  linear  and  nonlinear,  instantaneous  and  dispersive 
effects  in  the  electric  polarization  in  material  media.  The  mod¬ 
eling  of  the  optical  carrier  is  retained  in  this  approach.  The 
fundamental  Innovation  of  the  present  approach  Is  to  notice  that 
it  is  possible  to  treat  the  linear  and  nonlinear  convolution  in¬ 
tegrals.  which  describe  the  dispersion,  as  new  dependent  vari¬ 
ables.  Using  this  observatioa,  a  coupled  system  of  nonlinear 
secood -order  ordinary  differential  equations  can  be  derived  for 
the  linear  and  nonlinear  convolution  Integrals,  by  differential* 
lag  them  In  the  time  domain.  These  equations,  together  with 
Maxwell's  equations  form  the  system  that  is  solved  to  deter¬ 
mine  the  electromagnetic  fields  in  nonlinear  dispersive  media. 
Using  this  algorithm,  results  are  presented  of  first-time  calcu¬ 
lations  in  one  dimension  of  the  propagation  and  colUrjo  of 
femtosecond  electromagnetic  soUtons  that  retain  the  tptical 
carrier.  The  >  modeling  takes  into  account  snch  gaaa- 

tom  effects  as  the  Kerr  and  Raman  interactions.  The  present 
approach  is  robust  and  should  permit  modrilag  2-D  and  3-D 
optical  solhon  propagation,  scattering,  and  switching  directly 
from  the  foil-vector  nonlinear  Maxwell's  equations  for  Inte¬ 
grated  optical  structnree  having  complex  engineered  iahomo- 
geoelties. 

I.  Introduction 

IN  computational  electromagnetics,  there  is  a  substan¬ 
tial  activity  in  solving  the  linear  Maxwell  equations  by 
finite -difference  methods  in  the  time  domain  (FD-TD),  for 
applications  to  aeronautics,  electronics,  and  biology  (1), 
(2).  During  the  1980‘s,  the  primary  interest  in  Maxwell’s 
equations  solvers  of  all  types  centered  on  defense  appli¬ 
cations,  primarily  the  prediction  and  mitigation  of  radar 
cross  section  (RCS).  Grid-based  Maxwell's  solvers,  im¬ 
plemented  on  supercomputers,  are  rapidly  becoming  this 
country's  primary  means  of  modeling  the  RCS  of  ad¬ 
vanced  aerospace  vehicles  (2).  The  FD-TD  method  im¬ 
plements  the  spatial  derivatives  of  the  cuff  operators  in 
Maxwell's  equations  by  using  finite  differences  on  s  reg¬ 
ular  Cartesian  space  mesh,  and  employs  a  simple  leapfrog 
time  integration  scheme. 

Muutcript  icccivad  February  II.  1992;  reviaed  June  I,  1992.  The  wort 
of  A.  Taflove  wet  tspporwd  ia  pan  by  NASA-Amet  University  Contor- 
lium  Joint  R ctaarch  Imerchtapt  NCA2361  tad  M2.  ONR  Contract 
N 00014. tl-K-047?  and  Cray  Raataich,  lac. 

P.  M.  Oooijiaa  it  with  NASA  A  mat  Retaarcb  Center,  Moffett  Field.  CA 
9403 J. 

A.  Teflove,  R.  M.  Joseph,  tad  S.  C.  Hafseie  arc  with  the  Department 
of  Electrical  Engineering  end  Computer  Science,  McCormack  School  of 
Engineering,  Northweeiern  Univenity,  Evanston.  !L  60201. 

IEEE  Log  Number  9202623. 


Now,  in  the  1990's,  initial  efforts  are  being  made  to 
use  the  Maxwell’s  equations  to  explore  the  physics  of  de¬ 
vices  having  substantial  commercial  applications,  espe¬ 
cially  ultrahigh-speed  electronic,  electrooptic,  and  all-op¬ 
tical  devices,  which  are  useful  in  the  construction  of 
advanced  digital  signal  processors  and  computers.  To 
date,  these  investigations  are  being  conducted  almost  ex¬ 
clusively  by  using  the  FD-TD  algorithm,  which  permits  a 
means  of  combining  the  physics  of  the  Maxwellian  elec¬ 
tromagnetic  field  and  energy  transport  with  the  physics  of 
electronic  charge  transport  and  volume-averaged  quantum 
effects.  Applications  include  modeling  high-data-rate  pas¬ 
sive  interconnects  for  digital  circuits  [3],  active  electronic 
devices  [4]  and  all-optical  devices  [5]. 

However,  these  efforts  use  the  linear  Maxwell’s  equa¬ 
tions.  To  adequately  model  optical  switches,  nonlinear  ef¬ 
fects  in  dielectric  materials  16).  I7!  both  instantaneous  and 
dispersive,  must  be  included.  Experimental  researchers 
have  produced  switches  [6]  capable  of  switching  short 
(100  ft)  optical  pulses  in  nonlinear  directional  couplers. 
Also  nonlinear  responses  in  dielectric  materials  are  im¬ 
portant  in  the  generation  of  very  short,  intense,  fast  rise¬ 
time  pulses.  Such  pulses  are  important  in  ultrawideband 
(UWB)  technology  [8]  in  aeronautics.  These  pulses  have 
very  high  peak  power  and  a  frequency  spectrum  that  ex¬ 
tends  from  near-direct  current  to  several  gigahertz. 

The  nonlinear  behavior  of  electromagnetic  fields  in  ma¬ 
terials  is  determined  by  solving  the  nonlinear  Maxwell's 
equations.  The  equations  become  nonlinear  because  the 
electric  polarization  is  now  determined  by  a  nonlinear  re¬ 
lation  to  the  electric  field  intensity.  Up  to  now,  these  non¬ 
linear  Maxwell's  equations  have  not  been  solved  exactly. 
Rather,  various  approximations  to  the  governing  equa¬ 
tions  have  been  made.  The  least  approximate  methods 
solve  nonlinear  scalar  equations  for  the  slowly  varying 
envelope  of  the  optical  pulses.  This  class  of  equations, 
known  as  the  generalized  nonlinear  Schrodinger  equations 
(GNLSE)  [9],  (10)  has  been  solved  by  the  split-step  Fou¬ 
rier  method  [10]  and  by  the  Propagating  beam  method  (1 1) 
(PBM).  For  example,  the  split-step  Fourier  method  (10) 
is  often  used  to  simulate  the  propagation  of  optical  pulses 
in  low-loss  fibers  over  vety  long  optical  distances,  and  the 
propagating  beam  method  (11)  has  been  used  to  model 
directional  couplers. 

However  certain  effects  are  neglected  when  Maxwell’s 
equations  are  approximated  by  the  GNLSE,  including 
scattering  and  diffraction  effects,  and  short  pulse  effects 
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in  the  10  fs  regime.  For  example,  optical  wave  scattering 
and  diffraction  effect!  relevant  to  all -optical  switches  in¬ 
tegrated  in  microchip  form  will  be  difficult  or  impossible 
to  obtain  with  GNLSE  because  its  formulation  discards 
the  optical  carrier.  Engineered  inhomogeneities  in  nonlin¬ 
ear  optical  circuits  should  be  fairly  complicated.  Very 
likely,  these  inhomogeoeities  will  be  at  short  distance 
scales  in  the  order  of  0. 1-10  optical  wavelengths,  and  all 
assumptions  regarding  slowly  varying  parameters  (which 
run  throughout  GNLSE  theory)  will  be  unjustified.  In  fact, 
material  inhomogeneities  such  as  crossing  optical  paths 
critically  affect  optical  pulse  scattering  even  in  the  ab¬ 
sence  of  nonlinearities.  There  is  no  preferred  direction  of 
scattering  for  general  inhomogeneities,  and  the  primary 
scattering  physics  occurs  at  the  optical  carrier  time  scale 
with  the  enforcement  of  vector  electromagnetic  field 
boundary  conditions  at  all  material  interfaces.  The  only 
way  to  model  this  situation  is  to  set  up  and  solve  Max¬ 
well’s  vector-field  equations  for  the  material  geometry  of 
interest,  rigorously  enforcing  the  vector-field  boundary 
conditions  and  the  physics  of  nonlinear  dispersion. 

In  this  paper,  a  new  approach  will  be  presented  for 
solving  the  nonlinear  Maxwell  equations.  The  nonlinear 
relation  between  the  polarization  and  the  electric  field  will 
be  modeled  by  a  nonlinear  convolution  relation  [7].  This 
system  of  equations  will  be  solved  exactly,  using  finite- 
difference  methods  in  the  time  domain  (FD-TD).  Wave 
scattering  and  diffraction  effects  that  are  not  accounted  for 
in  the  GNLSE  approach  are  included  here.  Also,  unlike 
the  split-step  Fourier  method,  the  effects  of  nonlinearity 
and  dispersion  are  not  treated  separately  in  this  approach. 
The  inclusion  of  some  of  the  nonlinear  terms  in  the  al¬ 
gorithm  for  Maxwell's  equations  employs  techniques  that 
were  developed  in  computational  fluid  dynamics  for  the 
solution  of  nonlinear  equations  [12].  However,  the  treat¬ 
ment  of  the  nonlinear  convolution  integral  has  required 
the  development  of  a  new  computational  technique  [13]- 
(15). 

This  approach  will  provide  direct  solutions  to  Max¬ 
well’s  vector-field  equations  suitable  for  modeling  the 
propagation  and  scattering  of  optical  pulses,  including  so¬ 
li  to  ns,  in  inhomogeneous  nonlinear  dispersive  media.  The 
modeling  of  the  pulses  will  include  the  optical  carrier. 
The  study  of  solitons  [9],  [16]  is  of  fundamental  impor¬ 
tance.  Approximately  one  handled  different  types  of  non¬ 
linear  partial  differential  equations  have  been  found  to 
have  solitons  or  soUron-like  solutions  mathematically. 
Solitons  are  a  ftioda mental  feature  of  nonlinear  equations 
in  a  manner  similar  to  Fourier  modes  for  linear  equations . 
During  the  past  two  decades  [17]  the  study  of  solitons  has 
become  a  fundamental  pan  of  many  different  areas  of 
nonlinear  science,  including  optics,  plasma  waves,  mo¬ 
lecular  biology,  nerve  conduction,  nucleic  acida,  quan¬ 
tum  gauge  fields,  and  cosmology.  For  nonlinear  optica, 
this  approach  has  the  potential  to  provide  a  modeling  ca¬ 
pability  for  millimeter-scale  integrated  optical  circuits  be¬ 
yond  that  of  existing  techniques  using  the  generalized 
nonlinear  Schrodinger  equation. 


In  Section  Q  and  m,  the  new  formulation  of  the  gov¬ 
erning  differential  equations  and  the  new  finite-difference 
equations  will  be  given,  respectively.  In  Section  [V,  re¬ 
sults  of  the  calculations  of  propagating  and  colliding  so¬ 
litons  will  be  presented.  Finally,  in  Section  V,  concluding 
remarks  will  be  given. 


D.  Governing  Equations 

An  efficient  FD-TD  numerical  approach  has  been  de¬ 
veloped  [3]  for  the  direct  time  integration  of  Maxwell's 
equations  to  model  Untar  media  having  arbitrary-order 
chromatic  dispersions.  This  approachwas  based  upon  s 
suggestion  by  Jackson  118]  to  relate  D(2,  i)  the  electric 
field  displacement,  to  E(x,  r),  the  electric  field  intensity, 
via  an  ordinary  differential  equation  in  time.  That  equa¬ 
tion  is  integrated  concurrently  with  the  Maxwell's  equa¬ 
tions.  The  differential  equation  that  relates  D(x,  r)  to 
i(x,  r)  is  derived  by  taking  the  inverse  Fourier  transform 
of  the  complex  permittivity  relation,  «(«)  -  D(x,  «)/ 
E(x,  w).  Using  that  approach,  initial  calculations  were 
made  of  femtosecond  pulse  propagation  and  scattering  in¬ 
teractions  for  a  Lorentz  medium  by  a  direct  time  integra¬ 
tion  of  Maxwell’s  equations.  The  computed  reflection 
coefficients  [5]  were  accurate  to  better  than  6  pans  in 
10  000  over  the  frequency  range  dc  to  3  x  10“  Hz  for  a 
single  0.2  ft  Gaussian  pulse  incident  upon  •  Lorentz  half 
space,  and  new  result*  were  obtained  for  the  Sommerfeld 
and  Brillouin  precursors,  agreeing  very  well  with  pre¬ 
vious  published  Laplace  transform  theory. 

In  this  paper,  we  report  s  generalization  of  the  above 
approach  to  deal  with  the  nonlintar  terms  of  the  electric 
polarization.  The  FD-TD  direct  time  integration  of  Max¬ 
well’s  equations  can  now  incorporate  nonlinear  instanta¬ 
neous  and  dispersive  effects  as  well  as  linear  instanta¬ 
neous  and  dispersive  effects,  thereby  permitting  the 
modeling  of  optical  solitons  having  very  large  instanta¬ 
neous  band  widths. 

As  in  [5],  again  consider  a  one-dimensional  problem 
with  electric  and  magnetic  field  intensities,  E,  and  Hr  re¬ 
spectively,  propagating  in  the  x  direction.  Assuming  that 
the  medium  is  oonpe rateable  and  isotropic.  Maxwell's 
equations  in  one  dimension  are  written  as 


djioH, 

dt 

dDj 

dt 


!5 

dx 

(1) 

dH, 

dx 

(2) 

tct.E,  +  Pt. 

(3) 

Here  xnd  co  are  the  permeability  and  permittivity  coef¬ 
ficients  for  free  space,  tm  is  the  relative  material  permit¬ 
tivity  at  infinite  frequency,  Dt  is  the  electric  field  dis¬ 
placement,  and  Pt  is  the  electric  polarization. 

Ajsume  that  the  polarization  Pt  consists  [10]  of  two 
parts:  a  linear  part  P\  and  s  nonlinear  part  P*L. 

Ptm  PLt  +  Pf".  (4) 
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The  linear  polarization  P\  is  given  by  a  linear  convolution 
of  Et(x,  r)  and  the  first-order  susceptibility  fitnction  x(l)- 

Pfix.  D  -  «o  J  .  x<M(r  "  £  (5) 

and  P?  is  given  by  a  nonlinear  convolution  of  E,(x.  t) 
and  the  third-order  susceptibility  function,  x<l): 

P^{x,  t ) 

<•  L  L  L  f».» 

•  E^x,  t{)Ejs.  fj)E^x,  ?))  <&\  <&i  <&)■  (6) 

This  last  integral  models  the  physics  of  a  nonlinearity  with 
retardation  or  memory,  i.e.,  a  dispersive  nonlinearity  that 
can  occur  due  to  quantum  effects  in  silica  at  time  scales 
of  1  to  100  fs.  Note  that  x(,)  may  differ  from  x(1>  in  phys¬ 
ical  properties  such  as  resonances  and  dampings. 

We  consider  a  material  having  a  Lonenu  linear  disper¬ 
sion  characterized  (IB]  by  the  following  x0): 

X(,,<f)  ■  (fyj  exp  (-Jr/ 2)  sin  (r00-  (7) 

The  corresponding  linear  permittivity  as  a  (taction  of  fre¬ 
quency  is 

««)  - «.  ♦  x(V)  - «-  +  (8) 

where  wj  -  <4u,  -  e„)  and  >&  «  <4  -  4l/4. 

Further,  the  material  nonlinearity  is  usumed  to  be 
characterized  [7]  by  the  following  nonlinear  single  time 
convolution  for  F, 

P?i x.  0  -  €oX0>£|C*«  0  f  _m  tit  -  i)E}(x,  i)  <6  (9) 

where  x(>>  is  the  nonlinear  coefficient.  The  causal  re¬ 
sponse  (taction  g(t  -  r)  is  normalized  so  that 

J-.fftf)*"1'  (10) 

Equation  (9)  only  accounts  for  nonresonant  third-order 
processes,  the  processes  considered  fo  (9)  are  phonon  in¬ 
teractions  and  nonresonaai  electronic  effects.  The  mod¬ 
eling  (7]  of  those  responses  is  given  by  the  third-order 
response  (taction  $(t),  where 

git)  -  or  «(r)  +  (1  -  <*)**(')  (ID 

and 

*«(')  •  (^Tp)  e*P  (~'/rt) ,in  <12) 

In  (11),  6(/)  is  the  instantaneous  delta  function  response 
and  models  Kerr  nonresonant  virtual  electronic  transitions 
in  the  order  of  about  1  ft  or  less.  The  (taction  gf(i)  models 
transient  Raman  scattering  and  a  parameterizes  the  rela¬ 
tive  strengths  of  the  Ken  and  Raman  interactions.  Effec¬ 


tively  ,  g«(r)  models  a  single  Lorentzian  line  centered  on 
the  optical  phonon  frequency  1/r,  and  having  a  band¬ 
width  of  1  /t2  (the  reciprocal  phonon  lifetime).  See  (7] 
for  a  more  detailed  explanation  of  the  modeling  of  the 
nonlinear  optical  fiber. 

We  will  now  describe  a  solution  procedure  (15]  for 
evolving  the  electric  polarization  in  time  by  solving  a  sys¬ 
tem  of  coupled  nonlinear  ordinary  differential  equations. 
Equations  (4)  through  (12)  describe  the  electric  polariza¬ 
tion  in  the  nonlinear  medium.  Those  equations  together 
with  (1)  to  (3)  will  provide  a  system  of  equations  for 
evolving  the  electromagnetic  field  in  nonlinear  media.  The 
procedure  will  be  a  generalization  of  the  approach  that 
was  used  in  [3].  However  that  approach  used  the  complex 
permittivity  relation  in  the  frequency  domain  to  obtain  an 
ordinary  differential  equation  that  related  E,  to  Dv  Such 
an  approach  is  not  applicable  to  nonlinear  polarizations. 
Nevertheless,  the  same  ordinary  differential  equation  can 
be  derived  by  an  alternative  approach,  which  is  to  suit  in 
the  time  domain  with  (3)  and  differentiate  it.  The  key 
property  that  is  used  in  that  derivation  it  the  fact  that  the 
kernel  (taction  x<n(*).  as  given  by  (7),  satisfies  a  linear 
second-order  ordinary  differential  equation.  Note  that  the 
kernel  (taction  /*<0  as  given  by  (12)  for  the  nonlinear 
convolution  integral,  also  satisfies  a  linear  second-order 
ordinary  differential  equation.  The  fundamental  innova¬ 
tion  of  the  present  approach  is  to  notice  that  those  prop¬ 
erties  make  it  possible  to  treat  the  linear  and  nonlinear 
convolution  integrals  as  new  dependent  variables.  Using 
this  observation,  a  coupled  system  of  nonlinear  second- 
order  ordinary  differential  equations  can  be  derived  for 
the  linear  and  nonlinear  convolution  integrals,  by  differ¬ 
entiating  them  in  the  time  domain. 

Those  equations  determine  the  polarization  Pt  by  using 
(4).  Since  those  equations  are  second-order  ordinary  dif¬ 
ferentia)  equations,  a  solution  procedure  only  requires  two 
time  levels  of  storage  for  each  equation.  By  comparison, 
a  direct  evaluation  of  the  convolution  integrals  in  (4) 
would  require  the  storage  of  the  electromagnetic  fields 
from  an  initial  time  to  the  current  time  and  an  evaluation 
of  the  integrals  at  each  time  level.  As  the  following  cal¬ 
culations  will  show,  typical  calculations  require  several 
tens  of  thousands  of  time  levels  of  evolution.  Hence  the 
present  method  is  more  efficient  both  in  storage  and  in 
operation  count  than  a  direct  method.  For  a  2-D  or  3-D 
full-vector  nonlioear  optics  model,  this  improvement  re¬ 
duces  the  computer  memory  required  for  s  first-principles 
computation  from  an  impossible  level  of  100-1000 
Gwords  to  a  presently  feasible  level  of  0.1-1  Gword. 

We  will  now  describe  the  differential  equations  that 
govern  the  evolution  of  the  polarization,  as  given  by  (4) 
to  (12).  Assuming  zero  values  of  the  electromagnetic  field 
and  the  kernel  functions  for  r  %  0,  define  the  functions 
Fit)  and  G{i)  u  respectively  the  linear  and  nonlinear  con¬ 
volutions: 

F(r)  -  <o  j  x*»0  “  t)E ,ix,  i)  dS  (13) 
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CKO  -  <0  J  **  -  })£fa’ })  *■  <,4> 

Then,  by  differentiating  Eand  G.  we  have  found  that  they 
satisfy  the  following  coupled  system  of  nonlinear  ordi¬ 
nary  differential  equations: 

l  d'F  .  i  dF  .  (.  .  \  .. 

+  +  ZTZFe!)  F 


Uq  dt 


«  0 


*  (' +  zr^4t) a 
t «»ei) F  *  (..  +  «%>) 


1 

Sq  dr3 


(16) 

where  5  ■  2/r2  and  3$  -  (1/r,)1  4*  (l/tj)2.  Equation 
(15)  and  (16)  are  first  solved  simultaneously  for  F  and  <7 
at  the  latest  rim*  step  by  using  a  second-order  accurate 
finite-difference  scheme  that  operates  on  data  for  the  cur¬ 
rent  value  of  D,  and  previous  values  of  O,,  £,,  F,  and  G. 
Only  two  time  levels  of  storage  are  required  with  this  ap¬ 
proach.  Then,  the  latest  value  of  Et  can  be  obtained  via  a 
Newton's  Iteration  of  the  following  equation,  using  the 
new  values  of  Dt.  F,  and  G: 


..  Dt  -  F  -  (1  -  ayx^XG 

E‘  ’  ST.*  • 


(17) 


This  algorithm,  as  given  by  the  system  (15)  to  (17),  de¬ 
termines  values  of  £,  and  Pt  so  that  (3)  is  satisfied.  This 
procedure,  combined  with  the  usual  FD-TD  realization 
(19)  of  (1)  and  (2),  comprises  the  complete  solution 
method. 

m.  AUJOVTKM 

In  this  section,  the  finite -difference  equations  (20)  will 
be  described  that  am  used  to  solve  Maxwell's  equations, 
(1)  and  (2).  as  well  as  the  equations  that  sccount  for  the 
nonlinear  and  dispersive  effects  contained  la  the  polariza¬ 
tion,  (15).  (16),  and  (17).  Let  a  region  in  space-time, 
x-t,  (one -dimensional),  contain  a  lattice  of  points  with  co¬ 
ordinates  0,  n)  for  Djt x,  r)  sad  t,  t)  and  (<  4  (1  /2,  n 
4-  (1/2)  for  HJjc,  r).  This  computational  grid  will  be  used 
to  implement  the  standard  leapfrog  algorithm  (19],  known 
as  the  FD-TD  method. 

Using  the  FD-TD  approach,  the  finite-difference  equa¬ 
tions  for  (1)  and  (2)  am  given,  respectively,  by 

g  (<  ♦  j)) 


-  Jl  (E'{1  +  »>  -  #<'» 


-(#*'(0  -  Dj(i» 
aJ 

-h  0  -  0) 

(19) 

These  explicit  equations  are  used  in  the  solution  proce¬ 
dure  as  follows.  First  (18)  is  used  to  determine  FfJ*,l/3* 
from  the  previous  values  £J  and  Then  (19)  is 

used  to  determine  #*'  from  the  previous  values 
/fJ*<,/3>  and  0* 

Next  (15)  and  (16)  are  used  to  determine  the  values  of 
the  linear  and  nonlinear  convolution  integrals.  F *  * 1  and 
G*  * '  at  the  new  time  level  n  4  1 ,  using  the  new  value 
of#*1  and  the  previous  values  of  Dt,  £,.  F,  and  G.  Note 
that  the  form  of  the  coupling  in  (15)  and  (16)  results  in  a 
finite  discretization  in  which  there  is  strong  diagonal  dom¬ 
inance  in  the  resulting  matrices.  This  feature  is  essential 
for  a  stable  algorithm.  A  second-order  accurate  finite-dif¬ 
ference  scheme  for  the  coupled  (15)  and  (167  is  given  by 
the  following.  < 

i  -  2r,(o  •>-  r,~l(i)\ 

wo  v  m1  / 


F 


m 

V)  -  r-\i > 


2  At 


*  (' + /v’wi/))1) 

4-  r~l( ifj 

.  /(«,  -  «.)(!  -  a)xn>£’(0\ 

V  t-m  +  ax0>(£;(or  / 

m  (m  \  (BT'M+PT'i'i] 

V.  +  crxm(£;(/))V  v  2  / 


l  /<?"* 

ill- 


5* 


(0  -  2(7*(f)  4  C" -'(/)■ 


3  (G 


(d/)T 

"*‘(0  -  G— *(<)\ 


;) 


(20) 


^4  w  v  •  i 

2  At  ) 

.  .  (1  -  a)Xo,(£;0'))I\ 

+  v +  r. + 

.  ^*‘(0  4  G*''(()j 

.  /  jW)  \  /£"*'(/)  4  Q)\ 
\«*  +  arxa,(£?(t))7  \  2  ) 

.  f  E‘(p  )  /QT'co  t 

\«-  +  orx(J,(£;(0)V  \  2  /  ■ 


(18) 


(21) 
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Finally,  (he  new  values DJ*1,  F"*\  and  G**  'are used 
in  ( 17)  to  determine  £"  * by  using  an  approximate  New¬ 
ton  iteration  procedure  as  follows. 

,  Dr 1  -  r"  -  (1 
‘  ”  <*.  +  <»x(i,(£0J)  ‘ 

p-0.  1.2.  •••.  (22) 

Here  Er  «  £"  for  p  *  0.  For  the  results  shown  in  this 
l  »per,  the  iteration  process  was  stopped  at  p  -  1 ,  since 
sufficient  accuracy  was  obtained  at  that  step.  Having  de¬ 
termined  £*  * 1 ,  the  solution  process,  given  by  (18)  to  (22) 
is  iteratively  repeated  to  advance  the  electromagnetic  field 
to  successive  time  levels. 

Results 

Now  results  [20],  [21]  of  the  integration  of  Maxwell's 
equations  will  be  presented,  including  soliton  dynamics. 
A  pulsed  optical  signal  source  is  assumed  to  be  located  at 
x  »  0  at  the  initial  time  r  -  0.  The  pulse  is  assumed  to 
have  unity  amplitude  of  its  sinusoidal-carrier  electric  field, 
a  earner  frequency  ft  •  1.37  x  1014  Hz,  (ue  *■  8.61  x 
1014  rad/s),  and  a  hyperbolic  secant  envelope  function 
with  a  characteristic  time  constant  of  14.6  fs.  Approxi¬ 
mately  7  cycles  of  the  carrier  are  contained  within  the 
pulse  envelope,  and  the  center  of  the  pulse  coincides  with 
a  zero-crossing  of  the  sinusoid.  To  achieve  soliton  for¬ 
mation  over  short  propagation  spans  of  less  than  200  p. 
we  scale  values  of  the  group  velocity  dispersion  dj  and 
the  nonlinear  coefficient  x0’-  For  example,  let:  e,  *  5.25; 
tm  -  2.25;  «o  -  4.0  x  1014  rad/s;  6  -  2.0  x  10*  s'1; 
X(3)  -  7  x  10"2  (V/m)'2;  a  -  0.7;  r,  -  12.2  fs;  and 
r2  -  32  fs.  (The  last  three  values  are  from  [7].)  This  re¬ 
sults  in  varying  widely  over  the  spectral  width  of  the 
pulse,  i.e.,  from  -7  to  -75  ps2/m  over  the  range  (1.37 
±  0.2)  x  1014  Hz.  Finally,  by  choosing  a  uniform  FD- 
TD  space  resolution  of  5  nm  (•>\0/3O0),  the  numerical 
phase  velocity  error  is  limited  to  about  1  part  in  10s,  which 
is  very  small  compared  to  the  physical  dispersions  being 
modeled. 

First  a  calculation  was  performed  for  the  linear  case 
(xli)  *  0),  in  which  only  the  effects  of  dispersion  would 
act  on  the  pulse.  As  shown  in  [15],  the  results  showed 
significant  effects  of  dispersion  after  a  propagation  dis¬ 
tance  of  150  /sm.  These  effects  included  pulse  broaden¬ 
ing,  diminishing  amplitude,  and  carrier  frequency  modu¬ 
lation  (>fe  on  the  leading  side,  <f,  on  the  trailing  side) 
which  causes  an  asymmetrical  shifting  of  the  envelope,  a 
higher-order  dispersive  effect.  These  qualitative  features 
of  the  effect  of  anomalous  dispersion  have  been  predicted 
[16],  but  until  now  have  not  been  computed  by  directly 
integrating  Maxwell's  equations. 

Fig.  1  shows  the  results  for  x<J)  *7  x  lO*2(V/m)*2. 
The  pulse  is  plotted  at  n  ■  2  x  104  and  4  x  104  time 
steps,  corresponding  to  propagation  tox  ■  55  Mm  and  126 
jjm.  The  nonlinear  effects  balance  the  linear  dispersive 
effects,  yielding  a  rightward  propagating  soliton  that  rc- 


F.»  i.  FD-TD  mulls  for  the  optical  toluon  earner  pulte  after  propagat¬ 
ing  SS  m<d  and  126  pm. 

tains  its  amplitude  and  width.  Also,  a  second  low-ampli¬ 
tude  pulse  is  seen  to  move  out  ahead  of  the  soliton.  The 
carrier  frequency  of  this  “daughter”  is  upshifted  to  *4.9 
x  1014  Hz,  approximately  3.6  times  that  of  the  soliton. 
Also,  in  both  the  linear  and  nonlinear  cases,  by  observing 
a  video  of  the  pulse  evolution,  it  was  noted  that  the  phase 
velocity  of  the  carrier  was  substantially  greater  than  the 
group  velocity  of  the  envelope.  In  the  video,  waves  would 
appear  at  the  rear  (left)  aide  of  the  pulse,  advance  through 
the  pulse  and  disappear  from  the  front  (right)  side  of  the 
advancing  pulse.  Such  observations  of  the  carrier  prop¬ 
erties  are  readily  observable  in  the  present  formulation. 

To  further  verify  that  the  main  pulse  in  Fig.  1  had  the 
characteristics  of  a  soliton,  in  [15],  a  plot  was  presented 
of  the  Fourier  spectnuns  of  the  main  pulse  at  the  two  times 
that  are  shown  in  Fig.  1 .  The  figure  showed  a  4  THz  red- 
shift  and  sharpening  of  the  spectrum  as  the  soliton  prop¬ 
agates.  From  GNLSE  theory,  the  redshift  is  predicted  due 
to  the  Raman  effect  [7],  [10]  occurring  as  a  higher-order 
disperaive  nonlinearity  modeled  by  the  function  grft)  in 
(12). 

Last,  we  consider  the  collision  of  two  counter-propa¬ 
gating  solitons.  Each  is  identical  and  has  all  of  the  param¬ 
eters  of  the  previous  case.  As  is  characteristic  of  colliding 
solitons  [22],  we  find  that  after  the  collisions  both  main 
and  daughter  pulses  separate  and  move  apart  without 
changing  their  general  appearances.  Fig.  2  shows  the 
counter-propagating  solitons  at  20  000  time  steps;  at  this 
time  the  two  main  pulses  are  approaching  each  other.  Fig. 
3  shows  them  at  25  000  time  steps;  at  this  time  they  are 
nonlinearly  interacting.  A  video  of  the  collision  showed 
violent  changes  in  the  solitons  during  the  interaction  pe¬ 
riod,  with  severe  increases  and  decreases  in  the  amplitude 
of  the  combined  pulse  due  to  the  nonlinear  interference 
effects.  Finally,  Fig.  4  shows  them  at  30  000  time  steps; 
at  this  time  they  have  paased  through  each  other  and  are 
separating.  However,  there  are  lagging  phase  shifts  due 
to  the  collision:  12*  for  the  carriers  in  the  solitons,  and 
31*  for  the  carriers  in  the  daughters.  (At  30  000  time 
steps,  the  phase  shift  due  to  numerical  error  is  approxi- 
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mately  equal  to  one-third  of  a  degree.)  To  illustrate  the 
phase  lag  due  to  the  interaction,  in  [15],  a  plot  was  pre¬ 
sented  of  the  space  dependence  of  the  central  part  of  the 
rightward-moving  daughter  for  the  original  uncollided 
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case  and  the  collided  case,  with  both  curves  at  exactly 
30  000  time  steps  of  the  algorithm.  It  clearly  illustrated 
the  phase  shift  of  31*.  Such  precise  measurements  of 
phase  shifts,  not  easily  obtained  by  GNLSE  theory,  are 
readily  displayed  by  using  results  from  the  present  for¬ 
mulation.  Also  if  an  amplification  of  these  phase  lags 
could  be  obtained  by  varying  the  parameters  in  this  cal¬ 
culation,  such  a  phase  lag  might  form  the  basis  for  an 
opdeal  switching  device. 

For  these  calculations,  less  than  350  s  of  CPU  time  were 
required  on  a  Cray  K-MP8/832,  which  is  a  small  amount 
of  time.  Heoce  significantly  larger  calculations  are  feasi¬ 
ble  on  present-day  computers.  For  example,  the  propa¬ 
gation  of  larger  pulses,  such  as  picosecond  pulses,  may 
be  possible.  Sm  modeling  of  any  pulse  over  long  dis¬ 
tances,  such  as  meters  or  kilometers,  may  be  possible  by 
the  use  of  scaling  on  the  parameters  that  characterize  the 
material.  In  the  case  considered  in  this  article,  the  values 
of  the  linear  group  velocity  dispersion  and  the  nonlin¬ 
ear  coefficient  x™  were  scaled  to  values  that  are  orders 
of  magnitude  larger  than  those  that  occur  naturally  in  op¬ 
tical  fibers.  By  use  of  these  scalings,  the  effects  of  linear 
dispersion,  nonlinear  dispersion  and  nonlinear  instanta¬ 
neous  response  took  place  over  the  short  distance  of  200 
pm. 

V.  Concluding  Remajucs 

Optical  switching,  which  is  based  on  nonlinear  optical 
responses,  has  become  an  intense  area  of  research  [6]  fol¬ 
lowing  the  advent  of  the  User.  Currently,  many  materials 
are  being  investigated  (23)  for  their  nonlinear  optical 
properties  for  various  applications,  including  optical 
switching. 

A  new  algorithm  has  been  developed  that  permits,  for 
the  first  time,  the  direct  time  integration  of  the  full- vector, 
nonlinear  Maxwell's  equations.  This  new  capability  per¬ 
mits  the  modeling  of  linear  and  nonlinear,  instantaneous 
and  dispersive  effects  in  the  electric  polarization  in  ma¬ 
terial  media.  The  modeling  of  the  optical  carrier  is  re¬ 
tained  in  this  approach.  Using  this  algorithm,  results  are 
presented  of  first-time  calculations  in  one  dimension  of 
the  propagation  and  collision  of  femtosecond  electromag¬ 
netic  solitions  that  retain  the  optical  carrier.  The  nonlinear 
modeling  takes  into  account  such  quantum  effects  as  the 
Kerr  and  Raman  interactions  at  distance  scales  larger  than 
about  5  am. 

The  novel  approach  discussed  here  is  a  fine-grained  di¬ 
rect  time-domain  numerical  solution  of  Maxwell's  equa¬ 
tions  that  rigorously  enforces  the  field  vector  boundary 
conditions  at  all  interfaces  of  dissimilar  media,  whether 
or  not  the  media  are  dispersive  or  nonlinear.  The  new  ap¬ 
proach  is  almost  completely  general.  It  assumes  nothing 
about  I)  the  homogeneity  or  isotropy  of  the  optical  me¬ 
dium;  2)  the  magnitude  of  the  nonlinearity;  3)  the  nature 
of  the  material’s  u  -  0\  or  4)  the  shape,  duration,  polar¬ 
ization,  and  numbers  of  the  optical  pulse(s). 

By  retaining  the  optical  carrier,  the  new  method  solves 
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for  ftindunentol  quantities— the  optical  electric  and  mag¬ 
netic  fields  in  space  and  time— rathe*  s  a  nonphysical 
envelope  Auction.  The  present  app.jach  is  robust  and 
should  pennit  modeling  2-D  and  3-D  boundary -value 
problems  involving  optical  soliton  propagation,  scatter¬ 
ing,  and  switching  directly  from  the  full  vector,  nonlinear 
Maxwell's  equations.  For  nonlinear  optics,  this  approach 
has  the  potential  to  provide  a  modeling  capability  for  mil¬ 
limeter-scale  integrated  optical  circuits  beyond  that  of  ex¬ 
isting  techniques  using  the  generalized  nonlinear  Schro- 
dinger  equation. 
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RE-INVENTING  ELECTROMAGNETICS: 
SUPERCOMPUTING  SOLUTION  OF  MAXWELL’S 
EQUATIONS  VIA  DIRECT  TIME  INTEGRATION 
ON  SPACE  GRIDS 

A.  Taplove 

Department  of  Bsetrical  Eflgmaenpg  and  Computer  Science,  McCormick  School  of  Engineering, 
Northwestern  Utuvenity,  Evantton.  IL  60208-31  IS,  U  SA. 

AkMrtct — Thu  paper  tummsriret  the  present  state  and  future  directions  of  applying  finite-difference  and 
finite-volume  tune-domain  techniques  for  Maxwell’s  equations  on  swpereotupmus  to  model  complex 
electromagnetic  wave  interactions  with  structures.  Applications  so  far  have  been  dominated  by  radar 
cross-section  technology,  but  by  no  menu  are  limited  to  this  area.  In  fact,  the  gains  we  have  place 
us  on  the  threshold  of  being  able  to  make  tremendous  contributions  to  con-defense  electronics  end  optical 
technology.  Some  of  the  most  interesting  research  in  these  commercial  areas  is  tummarixed. 


1.  INTtODClCnON 

Defense  requirements  for  aerospace  vehicles  having 
low  radar  cross-section  (RCS)  have  driven  the  devel¬ 
opment  of  large-scale  methods  in  computational 
electromagnetics.  We  have  an  anomaly  that  the  effec¬ 
tiveness  and  cost  of  such  state -of- the-art  systems 
depends  upon  our  ability  to  develop  engineering 
unders  landing  of  century-old  bask  science, 
Maxwell’s  equations  (ea  1870).  Recently,  direct 
space-grid  time-domain  Maxwell's  solvers  have  been 
the  subject  of  intense  interest  for  this  application, 
challenging  previously  dominant  frequency-domain 
integral  equation  approaches. 

This  paper  summarizes  the  history,  present  state, 
and  possible  future  of  applying  space-grid  time- 
domain  techniques  for  Maxwell's  equations  to  model 
complex  electromagnetic  wave  interactions.  As 
tcraflop-class  supercomputers  permit  structures  of 
amazing  complexity  and  size  to  be  modeled,  the 
old/new  theme  of  Maxwell's  equations/RCS  design 
will  be  seen  to  recur  in  areas  that  cut  a  wide  swath 
through  the  core  of  electrical  engineering.  We  will 
consider 

•  The  state  of  the  ftiO-matrix  method  of  moments. 

•  The  history  of  spece-grid  time-domain  tech¬ 
niques  for  Maxwell’s  equations. 

•  The  state  of  existing  algorithms  and  meshes: 
basis,  primary  baas,  predictive  dynamic  range. 

•  Scaling  to  pe^ks  of  >  Uf  field  unknowns. 

•  Future  defensTCectromagnetics  needs:  70  dB 
dynamic  range;  modeling  of  complex  and 
composite  materials;  optimization  of  materials 
and  shapes  for  RCS;  integrated  RCS  and  aero¬ 
dynamics  design  and  optimization;  target 
identification. 

•  Future  dual-use  electromagnetics  needs:  antenna 
design;  microwave  end  millimeter  wave  inte¬ 


grated  circuits;  bio-electromagnetic  systems; 
high-speed  interconnects  and  packaging  for  elec- 
tronk  digital  circuits;  incorporation  of  models 
of  active  devices;  all-optical  devices,  including 
femtosecond  switches  and  logic  gates. 

Overall,  advances  in  supercomputing  solutions  of 
Maxwell's  equations  baaed  on  their  direct  tune 
integration  on  space  grids  place  us  on  the  threshold 
of  being  able  to  make  large  contributions  to  dual-use 
electronics  and  optical  technology  as  well  as  RCS 
technology.  In  fact,  I  claim  that  solving  Maxwell's 
equations  at  ultra-large  scales  will  permit  us  to  design 
devices  having  working  band  widths  literally  from 
d.c.  to  light. 

2.  THE  STATE  Of  THE  rVLL-MATUX 
METHOD  Of  MOMENTS 

The  modeling  of  engineering  systems  involving  EM 
wave  interactions  has  been  dominated  by  frequency- 
domain  integral  equation  techniques  and  high- 
frequency  asymptotics.  This  is  evidenced  by  the 
almost  universal  use  of  the  method  of  moments 
(MoM)IJ  to  provide  a  rigorous  boundary  value 
analysis  of  structures  and  the  geometrical  theory  of 
diffraction  (C I  Lt)14  to  provide  an  approximate 
analysis  valid  in  the  high-frequency  limit.  However, 
a  number  of  important  contemporary  problems  in 
EM  wave  engineering  are  not  adequately  treated  by 
such  models.  Complexities  of  structure  shape  and 
material  composition  confound  the  GTD  analysts, 
and  structures  of  even  moderate  elecl-vtal  sire 
(spanning  five  or  more  wavelengths  in  thtee  dimen¬ 
sions)  present  very  difficult  computer  resource  scaling 
problems  for  MoM. 

The  Utter  problem  is  particularly  serious  since 
MoM  has  provided  virtually  the  only  means 
of  dealing  with  the  non-metallic  materials  now 
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commonly  used  in  aerospace  design.  Consider  the 
following: 

Define  4^.  as  the  characteristic  span  of  a  fiat- 
configured  'arget  and  J,  as  the  wavelength  of  the 
impinging  radar  beam  such  that  the  electrical 
surface  area  of  the  target  (in  square  wavelengths)  is 
2(d^aa/<4)2-  Assume  a  standard  triangular  surface 
patching  implementation  of  thr  electric  field  integral 
equation  with  the  surface  area  of  the  target  dis¬ 
cretized  at  R  divisions  per  4*  Then,  the  number  of 
trianguu.r  surface  patches  is  given  by  4 R\dwjX^f\ 
and  N,  .he  number  of  field  unknowns,  is  given  by 
6 RHd^-J^V.  Ir  fact,  N  is  the  order  of  the  MoM 
system  main*.  V  ith  R  usually  taken  aa  10  or  greater 
to  properly  sample  the  induced  electric  current  distri¬ 
bution  on  the  target  surface,  we  see  that  V  rises  above 
10,000  for  greater  than  41,.  Further,  we  see 
that  N  increases  quadratically  as  drops  (redrr 
frequency  increases)  and  the  computational  burden 
for  LU  d  ^composition  increases  as  the  sixth  power  of 
frequency  (order  of  N*). 

Let  us  sec  what  this  means  in  terms  of  program 
running  time  for  the  recently  introduced  CRAY 
C-90  supercomputer.  First,  assume  that  d.|  is  on 
the  order  of  10  m,  perhaps  typical  of  a  jet  fighter. 
N  rise*  above  40,000  at  a  radar  frequency  of  240  MHz 
and  the  CRAY  C-90  running  hme  is  projected  to  be 
less  than  3  h,  based  upon  much  experience  with  the 
CRAY  Y-MP/8  machine.’  Up  an  octave  to  480  MHz, 
S  increases  to  160,000  and  the  C-90  running  time 
projects  to  be  8  days,  a  64-fold  (2*)  increase.  Up 
still  another  octave  to  960  MHz,  N  increases  to 
640,000  and  the  C-90  running  time  projects  to  be 
I  year,  5  m  jnths.  The  latter  assumes  that:  (a)  we 
have  enough  disk  drives  to  store  the  tri'tion-word 
MoM  matrix;  (b)  we  find  acceptable  the  error 
accumulation  resulting  from  the  million-trillion 
floating-point  operations  on  MoM  matrix  elements 
having  precisions  of  only  perhaps  I  part  in  10.000; 
and  (c)  the  computer  system  stays  up  continuously 
for  over  1  year. 

It  is  quite  dear  that  the  traditional,  full-matrix 
MoM  computati  snal  modeling  of  an  entire  aerospace 
structure  such  as  a  fighter  plane  is  at  present  imprac¬ 
tical  at  radar  frequencies  much  above  500  MHz, 
despite  advances  u.  supercomputer  hardware  and 
software.  However,  radar  frequencies  of  interest  go 
much  higher  than  500  MHz.  ia  fact  up  to  10  GHz 
or  more.  Much  research  effort  has  been  expended 
in  (Striving  alternative  iterative  frequency -domain 
approaches  (conjugate  gradient,  spectral,  etc.)  that 
preserve  the  rigorous  boundary-integral  formulation 
of  MoM  while  realizing  dimensionally  reduced  com¬ 
putational  burdens.  These  would  permit,  in  principle, 
entire  aircraft  modeling  at  radar  frequencies  well 
above  500  MHz.  However,  these  alternatives  muy 
not  be  as  robust  as  toe  full-matrix  MoM,  that 
is,  providing  reaulti  of  engineering  vaiue  for  a  wide 
class  of  structures  x  ithout  the  user  wondering  if  the 
algorithm  is  converged. 


X  HUTOBY  OF  STACt-Gt  ID  TTME-OOM AIN  TECHNIQUES 
SOK  NUX WILL'S  EQUATIONS 

The  problems  involved  in  applying  frequency- 
domain,  dtnse-cnatrix  MoM  technology  to  large- 
scale  RCS  modeling  have  prompted  a  rapid  recent 
expansion  of  interest  in  an  site  mauve  class  of  non¬ 
matrix  approaches:  direct  space-grid  time-domain 
solvers  for  Maxwell’s  time-dependent  curl  equations. 
The  new  approaches  appear  to  be  as  robust  and 
accurate  as  MoM,  but  have  dimensionally-reduced 
computational  burdens  to  the  point  where  whole- 
aircraft  modeling  for  RCS  is  becoming  possible  at 
frequencies  above  I  GHz.  They  art  analogous  to 
existing  mesh-based  solutions  of  fluid-flow  problems 
in  that  the  numerical  model  is  based  upon  a  direct, 
time-domain  solution  of  the  governing  partial  differ¬ 
ential  equation  Yet,  they  are  very  non-traditional 
approaches  to  CEM  for  engineering  applications, 
where  frequency-domain  methods  (primarily  MoM) 
have  dominated. 

Table  1  summarizes  key  developments  and  publi¬ 
cations  in  the  history  of  direct  space-grid  time- 
domain  solvere  for  Maxwell's  time-dependent  curl 
equations.  As  can  be  seen,  both  the  pace  and  range 
of  application*  of  FD-TD  and  other  time-domain 
grid-baieo  node  is  of  Maxwell's  equations  are  ex¬ 
panding  rapidly.  These  efficient  volumetric  solutions 
in  the  time  domain  are  making  possible  applications 
in  areas  far  beyond  tho«e  of  the  method  of  moments. 
In  this  regard,  this  paper  seeks  to  explore  selec.  :d 
areas  of  high  promise. 

a  STATE  or  EXISTING  ALGORITHMS  AND  MESHES 
4.1.  Masij 

FD-TD  and  FV-TD  ere  direct  solution  methods 
for  Maxwell’s  equations.  They  employ  no  potentials. 
Rtiber,  they  are  based  upon  volumetric  sampling  of 
tne  unknown  near-field  distribution  (E  and  H  fields) 
within  and  surrounding  the  structure  of  interest,  and 
over  a  period  of  time.  The  sampling  in  spree  is  at  a 
sub-wavelength  (sub-4<>)  resolution  set  by  the  user  to 
properly  sample  (in  the  Nyquist  sense)  the  highest 
near-field  spatial  frequencies  thought  to  be  important 
in  the  physics  of  the  problem.  Typically,  10-20 
ram  pies  per  illumination  wavelength  are  needed.  The 
sampling  in  time  is  selected  to  insure  numerical 
stability  of  the  algorithm. 

Overall,  FD-TD  and  FV-TD  are  marching-in-lime 
procedures  which  simulate  the  continuous  actual  EM 
waves  by  sampled-data  numerical  analogs  propagat¬ 
ing  in  a  computer  data  space.  Time-stepping  con¬ 
tinues  as  the  numerical  wave  analogs  propagate  in 
the  space  grid  to  causally  connect  the  physics  of  all 
regions  of  the  target.  Ml  outgoug  scattered  wave 
analogs  ideally  propagate  through  the  lattice  trunca¬ 
tion  planes  with  negligible  reflection  to  exit  the 
region.  Phenomena  such  as  induction  of  surface 
currents,  scattering  and  mu!'  ..tie  scattering,  aperture 
penetration  and  cavity  exci'ation  are  modeled  lime 
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1966 

1975 

1977 

1980 

1981 

198:.  198) 
1987,  1988 
1987- 

1987- 

1988- 

1989- 

1990- 

1990- 

1990- 

1991- 

1992- 


Table  1.  Partial  hiatory  of  space  grid  time-domain  tecbfliquts  for  Maxwelli  equationa 

Yee*  described  the  beta  or  the  lint  tpece-gnd  time-domain  technique,  later  called  the  fiftiu-diffcrtnc* 
time-domain  (FDTD)  method.  FD-TO  implements  the  spatial  derivatives  of  tbs  curt  operators  using 
fin>' j  difli  tii  s  in  regular  interleaved  (dual)  Cartesian  space  meshes  for  the  electric  and  magnetic  fields. 
S!:iple  kipfr  ,  time  integration  it  employed 

Tmo  t  an1'-  Bndwin  published  the  correct  numerical  stability  criterion  for  Yee’s  algorithm  and  the  first 
grid-btjcQ  bone-integration  of  a  two-dimenaional  EM  scattering  problem  all  the  way  to  the  sinusoidal 
steady  state.’  as  well  as  the  first  three  -dimensional  grid-based  computational  model  of  EM  wave 
abeorpbon  in  complex,  inhomogeneous  biological  tissues' 

Holland*  and  Kuna  a  id  Lee1*  applied  the  Yee  algorithm  to  eltctroraagnetie  pulse  (EMP)  interaction 
problems 

Tallove  coined  the  term  "FD-TD"  and  published  the  first  validated  FDTD  models  of  EM  wave 
penetration  of  a  three- 'imcnsioaal  metal  cavity" 

Mur  published  an  accu  te  and  numerically  stable  second-order  radiation  boundary  condition  for  the  Yee 
grid11 

Umashaakar  and  Tallove  published  the  first  FDTD  EM  wave  scattering  models  computing  near  fields, 
far  fields  tad  RCS  for  two-dimensional  structure*"  and  three-dimensional  structures" 

Kriegsmann  and  cowork ers  introduced  modern  radiation  boundary  condition  theory  to  the  engineering 
EM  community"  " 

Sullivan.  Gandhi.  Tallove  and  coworkers  commenced  publishing  a  series  of  articles  applying  FD-TD 
to  model  EM  wave  interactions,  especially  hyperthermia,  with  complex  three-dimensional  models  of 
lmwmlf*X 

Tallove,  I'mashankar  and  coworkers  introduced  cootour-peth,  subcell  techniques  to  permit  FD-TD 
mvxtuiiwg  of  EM  wave  coupling  to  thin  wires  and  wire  bundles,11  EM  wave  penetration  through  cracks 
in  conducting  screens0  and  conformal  surface  treatments  of  curved  structures11 
Ftniu-etament  time-domain  (FE-TD),  body-fitted  finite-volume  time-domain  (FV-TD)  and  unstructured 
or  partially  unstructured  meshes  for  Maxwell's  equations  were  introduced  by  Cangsllans  tt  al.,u  Shankar 
rr  McCartsn  tt  al..M  and  Madsen  and  Ziolkowski” 

FDTD  modeling  of  digital  circuit  interconnects  and  truer ostri pi  was  introduced  by  Liang  tt  al.,a  Shibata 
and  Sano,*  Sbesn  tt  al  *  and  Ko  and  Mittra11 

FDTD  modeUng  of  frequency-dependent  dielectric  permittivity  was  introduced  by  Luebbers  tt  a/.,’1  end 
Joseph  it  ai.n 

FDTD  (nodding  of  antennas  was  introduced  by  Maloney  tt  fl/  ,“  Tirkas  and  Balanis11  and  Katz  tt  ai  M 
FDTD  modeling  of  picosecond  optoelectronic  switches  was  introduced  by  Sano  and  Shi  beta"  and 
El-Gliazaly  tt  el. 

FDTD  "wntwWwg  of  the  propagation  of  femtosecond  optical  pubm  in  non-linear  dispersive  media  was 
introduced  by  Ocorjiaa  and  Taflove”  and  ZiolkowtU  and  Judkins** 

FDTD  modeling  of  lumped-circuit  dementi  (resistors,  inductors,  capacitors.  diodes  and  transistors)  in 
a  two-dimenrional  EM  wave  code  was  introduced  by  Sui  tt  of." _ 


step  by  rime  step  by  the  action  of  the  curl  equations 
analog.  Self-consistency  of  these  modeled  phenomena 
is  generally  assured  if  their  ipariai  and  temporal 
variations  am  well  resolved  by  the  space  and  rime 
sampling  process.  In  fact,  the  goal  if  to  provide  a 
self-consistent  model  of  the  mutual  coupling  of  all  of 
the  electrically-gmall  volume  cell*  comprising  the 
structure  and  its  near  held,  even  if  the  structure  spans 
tens  of  J,  in  three  dimensions  and  there  am  tens  of 
millions  of  space  cells. 

Time-stepping  is  continued  until  the  desired  Late* 
time  pulae  response  or  steady-state  behavior  is  ob¬ 
served.  An  important  example  of  the  latter  is  the 
sinusoidal  staady  state,  wherein  the  incident  wave  is 
aasmnad  to  have  a  sinusoidal  dependence  and  time- 
stepping  is  continued  until  all  fields  in  the  sampling 
region  exhibit  sinusoidal  repetition.  This  is  a  conse¬ 
quence  of  the  limiting  amplitude  principle.  Extensive 
numerical  experimentation  has  shown  that  the  num¬ 
ber  of  complete  cycles  of  the  incident  wave  required 
to  be  time-stepped  to  achieve  the  sinusoidal  steady 
state  is  a  function  of: 

(1)  Tar gt t  eUetrieal  slit.  For  many  targets,  this 
requires  a  number  of  tune  steps  sufficient  to  permit 
at  least  two  front-to-back-to-front  traverses  of  the 
target  by  a  wave  analog.  For  example,  assuming 


a  target  spanning  101*  at  least  40  cycles  of  the 
incident  wave  should  be  time-stepped  to  approach 
the  sinusoidal  steady  state  For  a  grid  resolution 
of  1*10,  this  corresponds  to  800  time  steps  for 
FD-TD 

(2)  Targtt  Q  factor.  Targets  having  well-defined 
low-loss  cavities  or  low-loss  dielectric  compositions 
may  requin,  the  number  of  complete  cycles  of  the 
incident  wave  to  be  time-stepped  to  approach  the  Q 
factor  of  the  resonance;  because  Q  can  be  large  even 
for  electrically  moderate  size  cavities,  this  can  dictate 
how  many  tune  step*  the  FD-TD  or  FV-TD  code 
must  be  run. 

In  the  RCS  area,  target  electrical  tizt  may  often  be 
the  dominant  factor.  Cavities  for  RCS  problems 
(such  as  engine  inlets)  lend  to  be  open  and  therefore 
moderate  Q  \  and  the  use  of  radar-absorbing  material 
(RAM)  serves  further  to  reduce  the  Q  factors  of 
structures. 

4.2.  Primary  typts 

The  primary  FD-TD  and  FV-TD  algorithms  used 
today  are  fully  explicit  second-order  accurate  grid- 
based  solvers  employing  highly  ectorizable  and 
concurrent  schemes  for  time-march, ng  the  six  vector 
components  of  the  EM  near  field  at  each  of  the 
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volume  arils.  The  explicit  nature  of  the  solvers  it 
maintained  by  either  leapfrog  or  predictor-corrector 
time  integration  schemes.  Second-order  accurate 
radiation  boundary  conditions  arc  used  to  simulate 
the  extension  of  the  problem  space  to  infinity,  thereby 
minimizing  error  due  to  the  artiftctuaJ  reflection  of 
outgoing  numerical  wave  modes  st  the  mob  outer 
boundary. 

Present  methods  differ  primarily  in  how  the  space 
grid  is  set  up.  In  fact,  gridding  methods  can  be 
categorized  according  to  the  degree  of  structure  or 
regularity  in  the  mob: 

(1)  Almost  completely  structured.  Space  cells  more 
than  one  or  two  cells  from  the  structure  of  interest 
are  organized  in  a  completely  regular  manner,  for 
example,  using  a  uniform  Yee  Cartesian  mesh.  Only 
the  cells  adjacent  to  the  structure  are  modified  in  size 
and  shape  to  conformally  fit  the  structure  surface.13-17 

— Advantage:  computationally  efficient,  because 
there  are  relatively  few  modified  cells  requiring 
special  storage  to  locate  the  ceils  in  the  mesh  and 
special  computations  to  perform  the  field  updates.  In 
fact,  the  number  of  modified  cells  (proportional  to 
the  surface  area  of  the  structure)  becomes  arbitrarily 
small  compared  with  the  number  of  regular  mesh  cells 
as  structure  size  increases.  As  a  result,  the  computer 
memory  and  running  time  needed  to  implement  a 
fUlly  conformal  model  can  be  indistinguishable  from 
that  required  for  a  stepped -surface  model.  Further, 
an  ultra-fast,  minimal  memory,  Yee-iikc  algorithm 
can  be  used  for  the  regular  space  cells 

— Advantage:  mapping  of  the  mesh  onto  a  paral¬ 
lel-vector  computer  or  massively  parallel  computer  is 
straightforward. 

— Advantage:  artifacts  due  to  refraction  and  reflec¬ 
tion  of  numerical  wave  modes  propagating  across 
global  mesh  distortions  are  not  present.  This  is 
especially  important  for  three-dimensional  structures 
having  substantial  EM  coupling  between  electrically 
disjoint  sections,  or  reentrant  regions. 

— Disadvantage:  geometry  generation  software 
for  this  type  of  meshing  has  not  reached  the  mature 
state  achieved  for  other  types.  Considerable  work 
remain*. 

— Disadvantage:  thin  target  surface  coalings  do 
not  conform  to  mesh  boundaries.  These  are  best 
modeled  here  using  surface  impedances. 

(2)  Body -fitted.  The  space  grid  is  globally  distorted 
to  fit  the  shape  of  the  structure  of  interest.13  Effec¬ 
tively,  a  coordinate  transformation  between  a  non- 
Cartesian  physical  mesh  and  a  Cartesian  logical  mesh 
it  implemented. 

— Advantage:  well-developed  geometry  generation 
software  is  available  from  the  CFD  community. 
Aerodynamic  shapes  appropriate  for  the  RCS  prob¬ 
lem  are  nicely  handled. 

— Advantage:  thin  target  surface  coatings  naturally 
conform  to  mesh  boundaries. 


—Advantage:  mapping  of  the  logical  mesh  onto 
a  parallel-vector  computer  or  massively  parallel 
computer  is  straightforward. 

— Disadvantage:  relative  t  the  baseline  Yee 
algorithm,  extra  computer  storage  must  be  allocated 
to  account  for  the  three-dimensional  position  and 
stretching  factors  of  each  space  cell.  Further,  extra 
computer  arithmetic  operations  must  be  performed 
to  implement  Maxwell's  equations  at  each  cell  and/or 
to  enforce  EM  field  continuity  at  the  interfaces  of 
adjacent  cells.  As  a  result,  the  number  of  floating 
point  operations  needed  to  update  the  six  field  com¬ 
ponents  at  a  space  cell  over  one  time  step  can  exceed 
that  of  the  Yee  algorithm  by  as  much  as  20: 1,  thereby 
increasing  waning  times  by  the  same  amount  with 
respect  to  FD-TD. 

—Disadvantage:  artifacts  due  to  refraction  and 
reflection  of  numerical  wave  inodes  propagating 
across  global  mesb  distortions  will  be  present.  These 
errors  arise  because  the  phase  velocity  of  numerical 
wave  modes  propagating  in  the  mesh  is  a  function  of 
position  in  the  mesh,  as  wrli  as  angle  of  propagation. 
These  artifacts  are  important  for  three-dimensional 
structures  having  substantial  E-M  coupling  between 
electrically  disjoint  sections,  or  leentrant  regions, 
and  may  limit  the  predictive  dynamic  range 
(thereby  limiting  the  ability  to  model  low-observable 
structures). 

(3)  Completely  unstructured.  The  mace  containing 
the  structure  of  interest  is  completely  filled  with  a 
collection  of  solid  cells  of  varying  size*  and  shapes, 
but  conforming  to  the  structure  surface.1* 

—Advantage:  geometry  generation  software 
is  available.  This  software  is  appropriate  for 
modeling  extrenuely  complicated  three-dimensional 
shapes  possiby  having  volumetric  inhomogenei- 
tiea,  for  exaiu^ie  inhomogeneous  radar  absorbing 
material. 

— Disadvantages:  the  same  as  for  the  body-fitted 
meshes. 

— Another  disadvantage:  mapping  of  the  logical 
mesh  onto  a  parallel- vector  computer  or  massively 
parallel  compute,  is  not  straightforward. 

At  present,  the  optimal  choice  of  computational 
algorithm  and  mesb  is  not  obvious.  Clearly,  there  are 
important  tradeoff  decisions  to  be  made.  For  the  next 
several  yean,  we  can  expect  considerable  progress  in 
this  area  as  various  groups  develop  their  favored 
approaches  and  perform  validations. 

4.3.  Predictive  dynamic  range 

For  computational  modeling  of  the  RCS  of  aero¬ 
space  vehicles  (especially  low-observable  vehicles) 
using  space-grid  time-domain  codes,  it  is  useful  to 
define  a  predictive  dynamic  range.  D.  analogous  to 
the  “quiet  zone"  figure  of  merit  for  an  experimental 
anecboic  chamber 

D  -  IOIog(/»-7/»-t*“* )  decibels. 
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where  ii  the  power  density  of  a  modeled  incident 
plans  wave  ia  the  tfte»  grid,  tad  R"*-*  it  the 
minimum  obeervabto  local  power  density  of  a  mod* 
«M  wnmd  wave  at  any  butatic  angle.  At  levels 
lower  than  this  the  accuracy  of  the  computed  scat¬ 
tered  field  degrades  to  poorer  than  1  dB  (or  some 
other  criterion). 

This  defiaitioo  succinctly  quantifies  the  reality  that 
weak,  physical  numerical  wave  analogs  propagating 
in  the  space  grid  exist  in  an  additive  noise  environment 
due  to  the  ooa -physical  propagating  wave  analogs 
caused  by  the  imperfect  radiatioo  boundary  con¬ 
ditions.  In  addition  to  additive  noise,  the  dmired 
physical  wave  analogs  undergo  gradual  progrmrive 
deterioration  while  propagating  due  to  accumulating 
numerical  dispersion  artifacts,  including  phase  velocity 
anisotropies  and  inhocaoftneitiex  within  the  meah. 

Since  1982,  researchers  have  accumulated  solid 
evidence  for  a  predictive  dynamic  range  of  the  order 
of  40  dB  for  the  present  dam  of  second-order 
accurate  space-grid  time-domain  codes  when  used  to 
calculate  mooostatic  aod  butane  RCS.  This  value  is 
reasooable  if  oot  considers  the  additive  noise  due  to 
imperfect  radiatioo  boundaries  to  be  the  primary 
limiting  factor,  since  existing  second-order  radiation 
boundary  conditions  yield  effective  reflection  co¬ 
efficients  of  about  1%  (-40  dB).  with  an  additional 
factor  of  perhaps  - 10  dB  provided  by  the  normal 
r*w  rolloff  (ia  two  dimensions)  or  r~l  rolloff  fin 
three  dimeorions)  experienced  by  the  outgoing  scat¬ 
tered  wavee  before  reaching  the  radiation  boundaries. 
Figure  I  illustrates  a  typical  result  for  bistatic  RCS 
dynamic  range  when  using  Carteaao-grid  FD-TD 
with  automated  local  mesh  contouring  to  conform  to 
curved  target  surfaces.  Here,  the  scattering  geometry 
consists  of  two  1  Vdiamster  metal  spheres  separated 
by  I  i,  air  gap,  and  the  FD-TD  grid  has  a  uniform 
space  resolution  of  0.05-1*.  The  benchmark  data  arc 
provided  by  a  quari-analytk  frequency-domain  ap¬ 
proach.  the  gsneraKreri  multipole  technique  (GMT).0 


Fig  I.  Comparison  of  FDTD  tad  grocrelized  multipole 
technique  das  for  the  bistatic  RCS  of  two  t-2  diameter 
spheres  separated  by  a  1-1  sir  ftp,  ilhiaioatad  at  oblique 


Is  more  dynamic  range  needed?  Certainly  yea, 
if  a  better  job  is  to  be  dooe  to  modeling  specially 
shaped  targets  having  low  observability  features.  A 
good  of  such  a  shape  is  the  NASA  almond/1 

which  has  been  demonstrated  to  have  mooostatic 
RCS  variations  of  60  dB  or  more  occurring  over 
broad  angular  tangaa.  However,  going  from  40  to  60 
or  ?0dB  will  oot  be  ample:  We  will  require  the 
development  of  advanced  radiatioo  boundary  con¬ 
ditions  having  effective  reflection  coefficients  of  0.1% 
or  better,  thereby  reducing  this  contribution  to  the 
grid  noise  by  20  dB  or  more;  and  we  wiU  have  to  shift 
to  space-sampling,  time-integration  algorithms  hav¬ 
ing  dimensionally  better  accuracy  than  the  second- 
order  procod uree  common  today.  A  20  dB  reduction 
in  the  grid  noise  contribution  due  to  dispersive  effects 
accumulating  on  propagating  numerical  waves  is 
needed  to  permit  the  use  of  grid  resolutions  no  finer 
than  those  of  today's  algorithms. 

1  SCALING  TO  rcOMJMS  or  GaiATO  THAN  It 
FIELD  UNKNOWm 

5.1.  Why  this  problem  site  is  needed 

Three-dicauMioaal  electromagnetic  wave  inter¬ 
action  prdbioos  modeled  on  volumetric  space  grids  at 
the  siis  level  of  l(f  unknowns  begin  to  have  major 
ettgiaeee’sg  applications.  For  example,  these  might 
include:  entire  fighter  planes  illuminated  by  radar  at 
I  GHz  read  above;  entire  personal -computer-size 
multi-layer  circuit  boards  modeled  layer  by  layer  for 
digital  signal  propagation,  crosstalk  and  radiation; 
and  entire  microetrip  circuits  and  antennas. 

At  this  level,  the  goals  are  to  achieve  algor¬ 
ithm/computer  architecture  scaling  such  that  for  N 
field  unknowns  to  be  solved  on  Kt  processors,  we 
wish  to  approach  an  order  (Af/Af)  scaling  or  the 
computational  modeling  time. 

5.2.  Algorithm  scaling  factors 

Is  these  a  "beet”  EM  computational  algorithm  to 
approach  the  ideal  order  {N)  scaling  of  the  compu¬ 
tational  modeling  tints?  A  consensus  appears  to  be 
emerging  that  the  date  of  non-matrix,  space-grid 
time-domain  solvers  has  the  most  promise.  If  robust 
algorithms  for  spatial  or  domain  decomposition* 
cannot  be  achieved,  the  class  of  matrix-based  fre¬ 
quency-domain  methods  may  fade  as  a  viable  alterna¬ 
tive  because  of  difficult  computational  and  error 
propagation  problems  associated  with  any  large 
matrix,  whether  dense  or  sparse. 

Let  us  now  consider  the  factors  involved  in  deter¬ 
mining  the  computational  burden  for  the  dess  of 
non-matrix,  space-grid  time-domain  solvers. 

(1)  Number  of  grid  cells,  N.  The  six  vector  electro¬ 
magnetic  field  components  located  st  each  grid  cell 
must  be  updated  at  every  time  step.  This  yields  by 
itself  an  order  (N)  scaling. 

(2)  Number  of  time  steps.  A  completely  self-con- 

sutem  solution  in  the  time  domain  trial 
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numeric*]  w»v*  analogs  propagate  over  dm*  leak* 
sufficient  to  causally  oooaact  «ach  portion  of  tba 
structure  of  interest-  Therefore,  in  throe  dimensions, 
it  can  be  argued  that  the  number  of  time  step* 
inenaaa*  at  a  characteristic  electrical  length  of  the 
structure  and  thus  a  fractional  power  fuoction  of 
N  such  a*  N'n.  The  number  of  time  steps  must 
also  be  adequate  to  march  through  “ring-up”  and 
“ring-down"  time*  of  energy  storage  features  such  as 
cavities  and  cavity-backed  apertures. 

(3)  Cumdarb*  propagation  errors.  Additional 
computational  burdens  may  arise  due  to  the  need  for 
either  progressive  mesh  refinement  or  progressively 
higher-accuracy  algorithms  to  bound  cumulative  pos¬ 
itional/phase  error*  for  propagating  numerical  modes 
in  progressively  enlarged  meshes.  Any  need  for 
progressive  moth  refinement  would  feed  back  to 
Factor  I. 

It  appears  likely  that  for  most  RCS  problems. 
Factors  2  and  3  will  be  weaker  functions  of  the  size 
of  the  modeled  structure  than  Factor  I.  This  is 
because  geometrical  scattering  features  at  increasing 
electrical  distances  from  each  other  become  more  and 
more  weekly  coupled'  due  to  radiative  and  other 
losses  acting  on  electromagnetic  wave  energy  propa¬ 
gating  between  these  features.  However,  at  this  time 
there  is  insufficient  experience  in  the  grid-based 
modeling  community  with  three-dimensional  struc¬ 
tures  in  this  electrically -Urge  aim  regime  to  provide 
irtdinin|fui  comment 

3.3.  Computer  architecture  scaling  factors 

Is  there  a  “beat"  computer  architecture  to  ap¬ 
proach  the  ideal  I /order \M)  seeling  of  the  compu¬ 
tational  modeling  time  as  the  number  of  processors, 
M.  increases?  At  present,  the  optimum  connectivity 
of  multi-processors  is  not  dear.  In  1993,  the  following 
manufacture.!  will  offer  massively  parallel  machines 
of  varying  architectures  having  claimed  peak  per¬ 
formances  exceeding  lOOOflops  (0.1  Tilop): 

Intel:  Paragon 

Cray  Research:  MPPO 

Thinking  Machines  CM-5. 

In  addition,  Cray  Research  continues  to  develop 
its  line  of  conventional  general  purpose  vector- 
p mooring  supercomputers  descending  from  the 
CRAY  Y-MP  and  C-90  machines  This  will  lead  to 
a  100  +  CHlop  general  purpose  machine,  the  CRAY 
093,  in  1994-1993. 

5.4.  Results  to  date 

A  number  of  groups  have  implemented  large-scale 
grid-baaed  Maxwell's  equation  solvers  on  vector-pro¬ 
cessing  and  massively  parallel  supercomputers.  u,l,~‘1 
Sufficient  experience  has  been  accumulated  to  justify 
the  following  statements: 

(I)  Concurrencies  very  dose  to  100*/*  (i.e.  an 
algorithm  speedup  factor  equal  to  right  if  the  number 


of  available  processors  equals  right)  have  been 
achieved  with  the  CRAY  Y-MP/8  under  the  CRAY 
automating  (automatic  multitasking)  compiler  for 
FD-TD  and  FY-TD.  Average  processing  rates  ex¬ 
ceeding  1 .6  Gfiops  were  achieved  for  full  FORTRAN 
programs.  Performance  scaling  looks  excellent  at 
least  through  16  high-performance  (CRAY  C-90 
class)  processors. 

(2)  Good  to  very  good  concurrencies  for  FD-TD 
can  also  be  achieved  using  the  JPL/Intd  Hyper¬ 
cube.  Performance  scaling  looks  good  into  the  hun¬ 
dreds  of  moderate-performance  (Intel  1-860  class) 
processors. 

(3)  For  grid-baaed  Maxwell’s  solvers,  the  CRAY 
Y-MP  and  fPL/ Intel  Hypercube  machines  were  much 
easier  to  program  and  achieved  substantially  better 
fractions  of  their  peak  speeds  than  the  CM-2  Connec¬ 
tion  Machine,  when  the  CM-2  was  programmed 
using  the  PARIS  assembler. 

(4)  The  volumetric  space-grid  time-domain  solvers 
are  already  more  efficient  '►an  surface-patching 
MoM.  In  one  example,1-'*1  FT  fD  was  used  to  con¬ 
formally  model  an  electrically  large  (252*  x  lOi,  x 
102«)  three-dimensional  serpentine  jet  engine  inlet. 
Here,  the  projected  CRAY  C-90  time  is  only  30  s 
per  illumination  angle  (involving  time-marching 
23,000,000  vector  field  components  over  1800  time 
steps),  or  1.6  days  for  5000  angles.  In  comparison, 
the  standard  hill-matrix  MoM  set  up  a  dense 
matrix  of  approximately  430,000  equations,  assuming 
that  the  1300  Jj  area  of  the  engine  inlet  is  discretized 
st  10  divisions  per  V  The  projected  CRAY  C-90 
running  time  for  LU  decomposition  and  backsolve 
of  this  mauis  is  about  4  months  for  5000  angles. 
Overall,  the  speedup  when  using  FD-TD  would  be 
at  least  75:1,  with  speedup  factors  much  larger 
than  this  if  we  account  for  the  likelihood  of  using 
FD-TD  to  evaluate  the  inlet  RCS  omultaoeously  for 
many  frequencies  by  using  an  impulsive  excitation 
and  discrete  Fourier  transformation  of  the  scattered 
field. 

5.5.  The  Jet  fighter  model 

Consider  again  modeling  a  jet  fighter,  but  now 
in  the  context  of  FD-TD.  Assuming  dimensions  of 
20  x  20  x  5  m  for  the  spnee  grid  and  assuming  s 
radar  frequency  of  1  GHz  (2,  -  0.3  m.  resolution  «• 
3  cm),  the  space  grid  would  be  of  the  order  of  75.000 
2J  (450,000,000  vector  field  components)  and  the 
FD-TD  central  memory  requirement  would  be  about 
1.3  Gword.  This  central  memory  size  is  currently 
feasible  with  1-4  billion-word  memory  options  of  the 
CRAY  Y-MP  series.  Running  time  on  the  C-90  is 
projected  to  be  in  the  range  20-25  min  per  illumina¬ 
tion  eagle.  Modeling  of  the  fighter  at  radar  frequen¬ 
cies  of  2  GHz  and  higher  would  be  possible  using 
well-known  asynchronous  out-of-core  technique* 
that  permit  I/O  to  and  from  multiple  disk  drives  to 
be  performed  concurrently  with  the  Boating  point 
operations. 
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Re-inventing  electromagnetics 

4  nnruu  ocrvac  CLKCTKOMACNmcs  nexds  of  modeling  composite  media  in  meshes  is  one 
a  of  fundamental  electromagnetic  theory  rather  than 

Goal*  for  computational  electromagnetics  model-  numerical  methods, 
tag  capabilities  in  , the  defense  area  have  been  and 

remain  driven  by  the  design  of  low-observable  air-  6.3.  Optimization  of  materials  and  shapes  for  RCS 
craftandr&ssiles.  Some  of  these  goals  are  now  Analogous  to  CFD,  the  availability  of  increasingly 
"““"P"*  sophisticated  and  accurate  numerical  analysis  tools 


6.1.  70  dB  predictive  dynamic  range 

As  noise-cancelling  anechoic  chambers  become 
more  sophisticated  and  attain  effective  quiet  zones 
deeper  than  -70  dB,  it  is  desired  to  extend  numerical 
modeling  capabilities  to  this  dynamic  range  to  bal¬ 
ance  theory  and  measurements.  Clearly,  larger  pre¬ 
dictive  and  measurement  dynamic  ranges  permit 
structures  of  lower  radar  cross-section  to  be  modeled 
and  tested.  Note  that  attainment  of  70  dB  predictive 
dynamic  ranges  is  equivalent  to  the  ability  to  suppress 
all  sources  of  computational  noise  to  amplitudes 
no  larger  than  about  10~4  that  of  the  incident 
wave.  This  will  be  a  very  difficult  challenge  for  any 
computational  electromagnetics  model. 

With  respect  to  space-grid  time-domain  algor¬ 
ithms,  a  primary  challenge  will  occur  in  the  area 
of  advanced  radiation  boundary  conditions  (RBCs). 
In  comparison  with  today's  codes,  a  40-dB  (100:1) 
improvement  is  needed  here  in  reducing  the  effective 
reflection  coefficient  of  the  outer  grid  boundaries 
relative  to  outward  propagating  numerical  modes. 
It  is  not  clear  that  this  will  be  possible  without 
a  fundamental  advance  in  RBC  theory  or  direct 
numerical  emulation  of  the  noise  cancellation  »«— f  in 
the  70-dB  anechoic  chambers. 

6.2.  Modeling  of  complex  and  composite  materials 

The  usage  of  multilayer  composites  and  cellular 
materials  for  structural  and  electromagnetic  purposes 
in  aerospace  design  has  markedly  increased.  These 
materials  can  have  inhomogeneities  and  anisotropies 
of  their  electric  and  magnetic  properties  at  distance 
scales  of  a  few  microns,  the  thickness  of  one  lamina 
in  a  composite  sandwich.  Further,  the  electric  and 
magnetic  properties  can  be  functions  of  the  frequency 
of  radar  illumination.  Any  conceivable  electro¬ 
magnetic  analysis  code  will  be  very  strongly  chal¬ 
lenged  by  the  requirement  to  simultaneously  model 
distance  scales  ranging  over  six  orders  of  magnitude 
(from  micrometers  to  meters)  and  frequencies  rang¬ 
ing  over  three  orders  of  magnitude  (from  megahertz 
to  gigahertz). 

In  fact,  it  may  be  unfeasible  in  the  time  frame  of 
the  next  decade  to  successfully  attack  the  micro- 
meters-to-meters  distance-scale  problem  by  direct 
modeling.  Most  likely,  this  problem  will  be  ap¬ 
proached  by  developing  advanced  electromagnetic 
field  boundary  conditions  applied  at  the  surface  of 
complex  composite  media  to  nearly  equivalence  the 
field  physics  of  the  underlying  media  without  having 
to  refine  the  computational  mesh  beyond  that  used  in 
the  nr  region  outside.  If  this  is  the  case,  the  problem 


for  RCS  presents  the  possibility  of  optimizing  target 
materials  and  shapes  on  the  computer  before  any 
models  are  constructed.  Space-grid  time-domain 
models  of  scattering  appear  to  be  particularly  useful 
for  this  purpose  because  of  their  potential  for  con¬ 
taining  entire  aircraft  and  their  time-domain  formu¬ 
lation.  The  latter  permits  modeling  a  very  wideband 
[and  even  ultra  wideband  (UWB)]  radar  illumination 
in  a  tingle  modeling  run,  as  well  as  natural 
time-windowing  of  the  scattering  response  to  focus 
attention  on  the  behavior  of  specific  scattering 
centers. 

For  example,  at  least  one  published  paper4*  reports 
an  algorithm  to  automatically  optimize  the  RCS  of  a 
structure  using  space-grid  time-domain  techniques. 
The  algorithm  of  Ref.  48  optimizes  broadband 
absorptive  coatings  for  two-dimensional  structures 
by  embedding  a  FD-TD  forward-scattering  code  in 
a  numerical  feedback  loop  with  the  Levenberg- 
Marquardt  (LM)  non-linear  optimization  routine. 
LM  is  used  to  adjust  the  many  geometric  and  consti¬ 
tutive  parameters  that  characterize  the  target,  white 
FD-TD  is  used  to  obtain  the  broadband  RCS 
response  for  each  target  adjustment.  A  recursive 
improvement  process  is  established  to  minimize  the 
broadband  RCS  response  over  a  selected  range  of 
bisutic  angles  using  the  available  engineering  degrees 
of  freedom.  The  solution  is  valid  over  the  potentially 
broad  bandwidth  (frequency  decade  or  more)  of  the 
illuminating  pulse  used  in  the  FD-TD  model. 

This  approach  compactly  treats  the  scatterer  shape 
and  coating  specifications  as  a  single  point  in  an 
jV -dimensional  space  (At -space)  of  geometrical  and 
electrical  parameters.  By  repeatedly  recalculating  the 
forward  problem  to  obtain  one  or  more  figures  of 
merit  for  the  near  or  far-field  response,  this  method 
implements  a  gradient-based  search  strategy  in  the 
Af-space  to  obtain  locally  optimum  monostatic  or 
bisutic  RCS  reductions  over  the  bandwidth  of  the 
illuminating  plane  waVe  pulse.  More  globally  opti¬ 
mum  searches  can  be  conducted  by  seeding  the 
algorithm  with  a  variety  of  sUrting  points  in  the 
jV-space.  The  non-linear  optimizer  also  permits 
adding  constraints  so  that  the  search  path  in  the 
A’-space  weights  manufacturability  and  cost,  and 
avoids  possible  forbidden  zones. 

Figure  2  illustrates  the  use  of  this  method  to 
synthesize  an  absorbing  coating  for  a  canonical  two- 
dimensional  structure,  the  infinite,  perfectly  conduct¬ 
ing  right-angle  wedge  subject  to  transverse  magnetic 
(TM)  illumination.  As  shown  in  Fig.  2a,  the  wedge 
coating  is  a  single  homogeneous  5  mm  thick  ab¬ 
sorbing  layer  to  the  left  and  bottom  of  the  wedge 
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vena,  joined  vie  t  miiar.  In  oae  case  oontklrrad,  tbe 
coating  is  assumed  to  bn  isotropic  and  independent  of 
pc* Boo,  while  a  tbe  other  tbe  coating  is  permitted 
to  beve  nn  anisotropy  of  tbe  magnetic  loss  tbnt  is 
fcpentkul  upon  location  (either  in  the  left  or  bottom 
ooet).  Tbe  broadband  illumination,  s  half -cycle 
3.00Hz  tinasoidal  pulse,  is  highly  resolved  every¬ 
where  by  using  s  space  discretization  of  IJiM.  LM 
non  inar  optimization  is  employed  to  minimi  • 
weighted  tverags  of  scattered  near-held  energy  as 
observed  at  the  eight  near-held  points  indicated  in 
Fig.  2a.  From  Fig.  2b,  we  see  that  the  optimized 
broadband  bistatic  RCS  mitigation  in  tha  far  held 
(ratio  of  the  peak  scattered  puke  power  with  coating 
to  the  peak  scattered  puke  power  without  costing) 
for  bistatic  angles  bracketing  the  moooststic  return  is 
-34  to  —  42  dB  for  the  isotropic  coeting  and  —44  to 
— 60dB  for  the  anisotropic  coating. 


This  cue  was  ptupoesfiiUy  selected  to  represent  a 
coating  S  -space  of  low  dimensionality,  i.e.  no  coating 
layering  was  permitted.  Given  the  simplicity  of  the 
coating  examined  beta,  it  is  likely  that  expending  tbe 
dimensionality  of  the  automated  search  procedure 
would  significantly  increase  the  broadband  RCS  mit¬ 
igation,  increase  the  range  of  bistatic  angles  mitigated 
for  RCS  and  deoaaae  the  sensitivity  of  the  RCS 
mitigation  to  the  illumination  angle. 

Methods  such  as  the  shove  appear  to  be  ideal 
for  implementation  on  massively  parallel,  multiple 
instruction  multiple  datastraam  (MIMD)  computers. 
Hera,  systematic  global  searches  of  the  ^ -space  of 
interact  could  be  implemented  by  assigning  to  each  of 
the  hundred*  of  proossaon  (or  groups  of  processors) 
a  specific  seed,  or  starting  point,  in  tbe  N -space.  Tbe 
searches  could  proceed  independently  or  each  other, 
culminating  in  an  optimized  engineering  design  for 
RCS. 

6.4.  Integrated  RCS  and  aerodynamics  design  and 
optimisation 

In  principle,  the  above  idea  cut  be  taken  a  luge 
step  further  by  performing  simultaneous,  linked  mod¬ 
eling  and  optimization  of  RCS  and  aerodynamic 
performance,  since  these  separate  engineering  goals 
can  strongly  mutually  interact  and  even  directly 
conflict-  Needless  to  say,  automated,  integrated 
RCS/aero  design  is  an  ambitious  goal — a  true  grand 
challenge — well  worthy  of  the  tcraflop  computers 
and  70  dB  dynamic  range  electromagnetic  modelers 
hopefully  to  come  by  the  year  1997. 

An  interesting  issue  here  is:  “Should  we  use  tbe 
same  computational  mesh  for  both  the  RCS  model 
and  the  aero  model?”  At  first  glace  this  appears  to  be 
desirable,  since  target  geometry  and  meshing  could 
then  be  shared  by  both  disciplines  and  the  non-linear 
optimization  software  would  deal  with  only  a 
angle  geometry  data  base.  However,  it  is  less  clear 
that  the  extraordinary  70  dB  dynamic  range  needed 
by  the  electromagnetics  model  can  be  achieved  by 
“shoahoniing”  Maxwell's  equations  into  current 
CFD  meshes.  Tbe  physics  involved  in  the  two  disci¬ 
plines  may  be  suOdently  different  to  mandate 
a  Maxwell-specific  mesh  for  the  electro  magnetics 
model.  Tbe  computer  storage  and  running  time  of 
tbe  electromagnetic*  code  and  complexity  of  the 
umbrella  non-llaear  optimization  software  may  also 
factor  into  the  choice  of  mesh  for  the  electro¬ 
magnetics  model. 

6.3.  Target  identification 

An  interesting  observation  is  that  tbe  technique  of 
embedding  a  space  grid  time-domain  Maxwell's 
solver  within  a  non-linear  optimization  algorithm, 
considered  above  in  tbe  context  of  synthesizing  scat- 
term  having  desired  RCS  properties,  appears  to  be 
uaefitl  in  reconstructing  the  shape  (and  even  the 
composition)  of  s  target  from  iu  broadband  radar 
signature." 
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Again.  consider  tbe  FD-TD/LM  uoa-hacar  optim¬ 
ization  algorithm,  but  with  tbt  optimiaar  geared  to 
repttcats  tome  finiu  measured  impulsive  scattering 
response  ratbtr  than  tapbeatt  a  zero  desired  acatter- 
ing  reepooat.  Now,  FD-TD  generates  •  tot  pube 
response  for  a  parameterized  trial  target  thapt  or 
composition,  tbt  tttt  pulse  it  compared  to  the 
measured  pulse,  and  an  error  signal  is  developed. 
Working  on  this  error  signal,  the  LM  algorithm 
perturbs  tbe  original  trial  point  in  the  jV -space  of 
parameters,  effectively  conducting  a  gradient  search 
through  this  V -space.  Upon  repeated  iterations,  the 
trials  ideally  converge  to  tbe  actual  target  geometry 
and  composition.  Tbe  advantage  of  working  in  the 
time  domain  is  that  causality  can  be  exploited  to 
permit  progressive  and  cumulative  target  reconstruc¬ 
tion  as  the  incident  pulse  wavefront  move*  across  the 
target  This  reduces  the  complexity  of  reconstruction 
since  only  s  portion  of  the  target  is  being  generated 
at  each  iteration. 

Figure  3  provides  examples  of  the  ability  of  the 
FD-TD/LM  non-linear  optimization  technique  to 
exploit  causality  and  reconstruct  s  dielectric  J -shaped 
target  from  two-dimensional  TM  near-held 

data  contaminated  by  additive  Oeuseiaa  noise.** 
Here,  a  single  field  observation  point  was  assumed  to 
be  located  approximately  10  target  spans  from  the 


Fig.  3.  Typical  sfisets  of  Oaurebn  ecise  opoe  FD-TD/LM 
ooo-bamr  optimization  averts  scattering  reconstruction 
of  a  Cwo-dtaMoriooal  dlalactric  ta/ftt  having  reentrant 
feature*:  (*)  S/N  -40dfi,  exact  reconstruction;  (b) 
S/N  m  3068,  exampise  of  im perfect  reconstruction;  (c) 
S/N  >2560,  eratspb*  of  imperfect  reconstruction. 


front  vertex  of  the  J-target.  with  the  incident  plane 
wave  pubs  having  a  spatial  width  comparable  with 
tbe  1 -target  spaa  and  headed  toward  the  front  vertex 
of  the  J.  Tbe  principal  a  priori  information  provided 
to  the  optimizer  here  is  the  target  composition: 
toeeku  dielectric  (s,  •  2.1). 

Figure  3  exemplifies  hundreds  of  FD-TD/LM  re¬ 
construction  attempts  where  varying  samples  of 
Gaussian  noise  (provided  by  a  random  number  gen¬ 
erator)  are  added  to  tbe  simulated  measured  scattered 
waveform  (a  sequence  of  FD-TD- generated  num¬ 
bers).  Using  this  technique,  tbe  probability  of  exact 
reconstruction  of  the  1 -shaped  target  has  been  esti¬ 
mated  as  a  function  of  the  signal-to-noise  (S/N) 
power  redo.  It  has  been  found  that  the  probability  of 
exact  reconstruction  exceeds  0.9  when  S/N  ratios 
exceed  40  dB.  For  lower  S/N  ratios,  tbe  reconstruc¬ 
tion  process  appears  to  degrade  gracefully,  as  shown. 

We  see  that  space-grid  time-domain  Maxwell's 
solvers  combined  with  non-lioear  optimizers  that 
exploit  causality  hold  promise  for  the  classic  inverse- 
scattering  problem.  Further  progress  awaits  study  of 
this  problem  by  more  groups  in  tbe  Maxwell's 
equations  gridding  community.  Perhaps  this  will 
occur  in  the  next  5  yean. 

T  rUTVU  DUAL-USS  KLtenOMAGNmeS  NEED* 

By  the  mid-1990s,  we  will  be  implementing  spece- 
grid  time -domain  Maxwell’s  solvers  on  the  0.1-1 
Tfiop  supercomputers  of  the  day  to  model  tbe  radar 
cross-section  of  entire  low-obserreWe  fighter  aircraft 
at  frequencies  up  to  at  least  2  GHz  through  dynamic 
ranges  up  to  70  dB;  hut,  perhaps  of  more  importance 
to  the  interests  of  society,  we  will  be  using  these  tame 
Maxwell’s  solvere  implemented  on  the  same  super¬ 
computers  to  model  electromagnetic  wave  problems 
that  arise  in  cutting-edge  commercial  applications. 

This  discussion  will  start  with  extensions  of  existing 
commercial  applications  of  electromagnetic  wave 
interactions  sod  proceed  to  highly  innovative  appli¬ 
cations  that  best  represent  tbe  dual-use  nature  of 
modeling  Maxwell's  equations  on  large  seeks. 

7. 1 .  Anuma  duign 

Thu  ares  includes  the  design  of  UHF/microwsve 
dais  links  for  worldwide  personal  wireless  telephony, 
cellular  communications,  remote  computing  and 
advanced  automotive  electronics  (particularly  car 
location  and  navigation). 

Here,  we  are  teeing  that  space-grid  time-domain 
Maxwell’s  solvers  are  permitting  the  modeling  of 
complicated  antennas,  especially  those  having  finiu 
ground  planes  that  cannot  be  analyzed  using  conven¬ 
tional  frequency-domain  analytes  based'  upon  the 
Green’s  function  technique.  Key  recent  examples 
include: 

(1)  Maloney  ti  a/.**— FD-TD  models  of  body-of- 
revohiticm-typr  mooopotes  and  conical  monopoles 
over  finiu  ground  plaoet.  Here,  computed  results 
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for  the  tnuMil  rdteMd  waveforms  in  the  feeding 
coaxial  dm  tad  for  tbt  input  impedance*  wan  found 
to  agree  with  measurements  to  batter  than  1%. 

(2)  Kata  et  al.  ** — surface-conforming  FD-TD 
models  of  two-dimeationai  waveguide-fad  horn 
antennae  and  bom-excited  parabolic  reflector*.  Hen, 
the  computed  results  for  oear-flelds  in  the  antenna 
apertures  wen  found  to  agree  with  frequency-domain 
MoM  numerical  data  to  within  I  V«  in  magnitude  and 
phase. 

(3)  Tirfcas  and  Balanis’*— surface-conforming 
FD-TD  models  of  three-dimensional  waveguide-fed 
bom  antennas.  Hen,  the  computed  results  for  Car- 
field  radiation  patterns  wen  found  to  agree  very  well 
with  measurements  over  a  SMB  dynamic  range. 

(4)  Thiele  and  Taflove"— <n  perhaps  the  most 
complex  modeling  so  far,  the  authors  are  construct¬ 
ing  three-dimensional  FD-TD  models  of  6-11  OHx 
Vivaldi  flares  (tapered  slot  antennas)  constructed 
from  three-layer  circuit  board.  Hen,  both  single 
flares,  double  flares,  quad  elements  comprised  of 
perpendicular  double-flares  and  arrays  of  up  to  eight 
quad  elements  an  being  modeled.  The  latter  involve 
the  solution  of  up  to  60,000,000  vector  field  un¬ 
knowns.  Results  an  being  obtained  for  radiation 
patten  and  input  impedance.  The  variation  of  the 
input  impedaaoe  with  phasing  of  the  array  of  quad 
elements  is  also  being  studied. 

As  detailed  FD-TD  modeling  proeaada  in  this  ana. 
it  is  possible  that  commercial  application  areas 
will  include  the  design  of  mass-produced  surface- 
conforming  antennas  for  homes  (rooftop-mounted 
antennas  for  aatelliu  reception);  automobiles 
(rooftop-mounted  antennas  for  two-way  satellite 
communication,  licensr-ptaie-mounted  antennas  for 
automated  collision  avoidance  and  programmed 
route-following);  and  laptop  computer*  (computer- 
case-mounted  antennas  for  two-way  cellular  and 
satellite  communication). 

7.2.  Microwatt  circuits 

Stripline  microwave  circuits,  including  filtering 
elements  and  couplers,  an  being  studied  for  the  Ant 
time  by  applying  grid-baaed  time-domain  Maxwell's 
solvers.  Key  recent  examples  include: 

(1)  Sheen  si  a/.*— FD-TD  models  of  microstrip 
interconnects. 

(2)  Ko  and  Mittra’1— three-dimensional  FD-TD 
models  yielding  the  broadband  5 -parameters  of 
microstrip  filters,  coupten  and  hybrids. 

This  work  is  leading  to  the  modeling  of  microwave 
and  millimeter  wave  integrated  circuits  (MIMIC)  in 
rsgimes  of  electrical  rim  and  complexity  that  cannot 
be  handled  by  any  existing  finite-element  or  boundary 
integral  method. 

7.3.  Blotlsctromaaneiic  systems 

Grid-based  tinvs-domain  Maxwell's  solvers  are 
now  being  extensively  applied  in  clinical  te  ttinp  for 


pedant-specific  electromagnetic  hyperthermia.  This 
technology  uses  electromagnetic  absorption  st  RF. 
UHF,  or  microwave  frequencies  to  heat  cancerous 
tumors  inside  the  human  body,  thereby  rendering  the 
tumors  more  vulnerable  to  ionisng  radiation  or 
chemotherapy.  Recent  examples  of  work  include: 

(1)  Sullivan" — three-dimensional  FD-TD  models 
of  RF  hyperthermia  for  human  patisnti. 

(2)  Pitot-May  si  al* — three-dimensional  FD-TD 
models  of  UHF  hyperthermia  specifically  tailored  to 
patients  by  using  computed  tomography  (CT)  imag¬ 
ing  to  establish  a  three-dimensional  dielectric  medium 
data  base  unique  to  each  patient's  tissue  structure. 

This  work  is  leading  to  the  routine  clinical  usage  of 
electromagnetic  hyperthermia  for  cancer  treatment. 
Time-domaia  solution  of  Maxwell's  equations  on 
grids  is  essential  to  this  process  because  it  permits 
an  efficient,  individual  modeling  of  each  patient 
to  accommodate  the  electromagnetic  field  physics 
unique  to  hia  or  her  tissue  geometry  and  selection  of 
field  applicators. 

7.4.  Packaging  and  metallic  interconnect  design  for 
digital  circuits 

This  ana  involves  engineering  problems  in  the 
propagation,  crosstalk  and  radiation  of  electronic 
digital  pulses,  and  has  important  implications  in  the 
design  of  the  multi-layer  circuit  boards  and  multi- 
chip  modules  that  are  widely  used  In  modem  digital 
technology.  Mott  existing  computer-aided  circuit 
design  tools  (primarily  SPICE)  arc  inadequate 
whan  digital  clock  speeds  exceed  about  230  MHz. 
These  tools  cannot  deal  with  the  physics  of 
UHF/ microwave  electromagnetic  wave  energy  trans¬ 
port  (along  metal  surfaces  like  ground  planes,  or  in 
the  air  away  from  metal  paths)  that  predominate 
above  230  MHz.  Effectively,  electronic  digital  sys¬ 
tems  develop  substantial  analog  wave  effects  when 
clock  raws  are  high  enough,  and  full-vector  (full- 
wave)  Maxwell's  equations  solvers  become  necessary 
for  chair  understanding. 

Key  noant  examples  include: 

(1)  Liang  et  al. M — three-dimensional  FD-TD 
modeling  of  picosecond  pulse  propagation  along 
co-planar  waveguides  above  gallium  arsenide. 

(2)  Shi  bats  and  Sano" — three-dimensional  FD- 
TD  modeling  of  pro  pegs  lion  along  metal-insulator- 
semicooductor  line*. 

(3)  Lam  et  al.11— three-dimensional  FD-TD  mod¬ 
eling  of  digital  signal  propagation  and  radiation  for 
VLSI  packaging. 

(4)  Maada  et  al.n— three-dimensional  FD-TD 
modeling  of  digital  pulse  propagation  through  visa  in 
a  three- layer  circuit  board. 

(5)  Fikst-May  et  al.n — in  perhaps  the  most  com¬ 
plex  modeling  to  far,  the  authors  constructed  three- 
dimensional  FD-TD  models  of  tub-nanosecond 
digital  pulae  propagation  and  crosstalk  behavior  in 
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Z-Axls  Connector  System 


Fig.  4.  Vertical  cut  through  the  four-cucuii-board.  three- 
connector  geometry  showing  the  vie  pin*  spared  O.i  in 
apart. 


modulo  confuting  of  four  22-layer  circuit  boards 
coooectnd  by  three  100-pia  connectors.  The  entire 
space  «u  tpodelnd  with  n  uniform  resolution  of 
0004  in.  permitting  sacb  layer,  vis  and  pin  of  the 
circuit  boards  and  coonecton  to  be  modeled.  A 
maximum  of  60.000.000  vector  field  unknowns  was 
solved  per  modeling  run,  a  (actor  of  perhaps  600  times 
larger  than  the  capacity  of  tha  targeet  SPICE  or  finite- 
element  CAD  tool  available.  Color  vidooa  of  digital 
signal  propagatioa  aod  croeatalk  wen  constructed  to 
vividly  illustrate  time  phenomena 

Figure  4  depict*  the  geometry  of  the  four-board, 
three-connector  stack  a*  seen  in  e  vertical  cut  through 
the  stack.  Each  22-layer  circuit  board  is  shown  as  a 
cross- hatched  horizontal  slab,  and  each  vertical  via 
pin  (spaced  at  a  0.1  in  interval)  is  shown  in  proper 
relation  to  the  surrounding  boards  and  connectors. 
(Recall  that  each  0.004  in-thick  metaWjeiectric  layer 
of  each  board  is  modeled.) 

Figure  5  is  t  color  piste  showing  the  plan  view  of  an 
outwardly  propagating  electromagnetic  wave  within  a 


angle  22-layer  board  generated  by  the  passage  of  a 
sub- nanosecond  pulse  down  one  of  the  via  pmi 
Although  the  relatively  intenae  magnetic  field  adjacent 
to  the  excited  via  (shown  by  the  yellow  color)  is  quite 
localized,  moderate-level  magnetic  Acids  (shown  by 
light  blue)  emanate  throughout  the  entire  transverse 
cross -section  of  the  board  and  link  all  of  the  adjacent 
via  pins,  shown  as  dark  dots  in  a  diamond  pattern. 
The  complete  color  video  of  this  phenomenon  shows 
repeated  bursts  of  outward  propagating  waves  linking 
all  points  within  transverse  cross-sections  of  the  board 
as  the  digital  pulse  passes  vertically  through  the  22 
metal-dielectric-metal  layers  of  the  board. 

Figure  6  is  a  color  plate  showing  the  magnitude 
and  direction  of  currents  instantaneously  flowing 
along  the  vertical  cross-section  of  Fig.  4  for  a  sub¬ 
nanosecond  digital  pulse  assumed  to  excite  a  single 
vertical  via  pin  in  the  upper  22-layer  board.  The 
currents  were  calculated  in  a  post-processing  step  by 
numerically  evaluating  the  curl  of  the  magnetic  field 
obtained  from  the  three-dimensional  FD-TD  model. 
The  color  red  was  selected  to  denote  downward- 
directed  current,  while  the  color  green  was  selected 
to  denote  upward-directed  current.  At  the  time  of 
this  visualization,  current  bad  proceeded  down  the 
excited  via  through  all  four  boards  and  all  three 
connectors;  but  upward-directed  (green)  current  is 
seen  to  Bow  on  the  adjacent  via*.  This  represent* 
undesired  ground-loop  coupling  to  the  digital  circuits 
using  these  vies.  Ironically,  the  far-left-hand  and 
far-right-hand  via*  showing  downward-directed  (red) 
currents  were  designated  by  the  designers  of  this 
structure  to  be  the  ground  return  pins  and  should  have 
been  the  only  pins  carrying  upward-directed  (green) 
current.  In  other  words,  this  interconnection  module 
wound  up  working  nearly  in  an  opposite  manner 
relative  to  what  its  designers  had  intended. 

This  work  is  leading  to  the  direct  time-domain 
Maxwell's  equations  modeling  of  the  metallic  inter¬ 
connects  and  packaging  of  general-purpose  digital 
circuits  operating  at  dock  speeds  about  250  MHz. 
From  the  example  shown,  it  is  dear  that  the  analog 
coupling  effect*  for  such  devices  can  be  so  complex 
that  there  may  be  no  way  to  design  them— no  wty  to 
make  them  work  in  a  timely  and  reliable  manner — 
without  such  modeling. 


Fig.  5.  Color  plate  showing  the  plsa  view  of  an  outwardly  propegs  ting  electromagnetic  wave  within  •  # 

eagle  annul  board  of  Fig.  4  generated  by  the  peeeege  of  ■  sub-eaaoeeeond  pule*  down  one  of  (lie  via 
pins.  Color  wale  yellow  -  maximum;  green  -  moderate;  dark  blue  -  negligible. 
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Fij.  6.  Color  plate  ibowing  the  magnitude  and  direction  of  currents  instantaneously  flowing  along  the 
vertical  croea  section  of  Fig.  4  Tor  a  sub-oanoeecoed  digital  pulse  s  Burner!  to  exalt  a  tingle  vertical  via 
pin  in  the  upper  22-layer  board.  Color  scale:  red  -  net  downward-directed  current:  green  net  upward- 
directed  current;  dark  blue  -  negligible. 


7.5.  Incorporation  of  models  of  actio t  devices 

It  is  a  abort  distance  from  modeling  device  packag¬ 
ing  and  interconnects,  as  discussed  above,  to  includ¬ 
ing  the  active  devices  themselves.  Work  has  begun  in 
this  area.  The  best  examples  are: 

(1)  Sano  and  Shibatar— incorporation  of  a  self- 
eooastnt  drift -diffusion  charge-transport  model  of 
gallium  arsenide  in  the  three-dimensional  FD-TD 
solver.  This  work  modeled  picosecond-regime  pulse 
generation  for  an  optically  excited  gallium  arsenide 
device. 

(2)  El  Ghazaly  et  al .* — incorporation  of  a  self- 
consistent  Monte  Carlo  charge-transport  model  of 
gallium  arsenide  in  the  three-dimensional  FD-TD 
solver.  This  work  also  modeled  picosecond-regime 
pulse  generation  for  an  optically  excited  gallium 
arsenide  device 


(3)  Sui  et  al*' — two-dimensional  FD-TD  model¬ 
ing  of  lumped -circuit  elements  (resistors,  inductors, 
capacitors,  diodes  and  transistors). 

By  1995,  this  work  will  probably  lead  to  the 
IflClM  ^oration  of  SPICE  models  of  arbitrary  linear 
and  non-linear  circuit  elements  into  three-dimen¬ 
sional  space-grid  time-domain  Maxwell's  solvers. 
This  will  expand  full-vector  electromagnetic  modeling 
of  digital  interconnects  to  include  the  voltage-current 
characteristics  of  the  connected  logic  devices.  It 
should  result  in  a  virtual  replacement  of  SPICE  for 
most  problems  involved  in  digital  interconnect  design 
above  250  MHz. 

A  recently  initiated  3- year  cooperative  program 
between  Cray  Research  and  Los  Alamos  National 
Laboratory  recognizes  the  possibility  that  the  design 
of  the  digital  microchips  themselves  will  mandate 
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full-vector  EM  modeling.  especially  when  dock 
ipwdi  mem d  3  GHz.  (a  this  reginsa,  wave  propa¬ 
gation  and  coupling  effects  within  the  chips  may 
render  their  operation  just  as  problematic  as  that  of 
today's  circuit  board  modules  operating  at  300  MHj. 

Subsequently,  the  Cray/Los  Alamos  program  seeks 
to  explore  Maxwell's  equations  modeling  of  digital 
chips  having  clock  speeds  well  above  10  OHz.  The 
reasoning  here  is  that  when  the  logic  pulse  rise  time 
becomes  comparable  with  the  charge  transport  time, 
existing  approaches  for  modeling  semiconductors 
which  assume  s  quasi-static  formulation  for 
Mixwe!  .  equations  (the  Poisson  aquation)  will  no 
longer  have  validity.  In  this  regime,  the  simple  circuit 
coooept  of  a  digital  signal  toggling  a  transistor  may 
have  to  be  considered  at  the  most  elemental  level. 
Namely,  the  digital  signal  and  transistor  actually 
comprise  a  three-dimensional  electromagnetic  pulse 
scattering  geometry:  the  digital  signal  is  really  a 
three-dimensional  propagating  field  distribution  hav¬ 
ing  a  specific  temporal  response  end  the  transistor  is 
really  a  three-dimensional  charge  density  distribution 
that  reacts  non-linearly  to  the  impinging  electromag¬ 
netic  pulse.  Self-consistent  Maxwell's  equations  field 
transport  and  semiconductor  charge  transport  mod¬ 
eling  are  required  to  properly  understand  this  non¬ 
linear  scattering  situation. 

7.6.  Application  to  all -optical  devices 

Work  has  begun  to  appear  on  first-principles  mod¬ 
eling  of  the  propagation  and  switching  of  femtosec¬ 
ond  optical  pulses  in  non-linear  dispersive  media. 
Attain,  time-domain  grid-based  Maxwell’s  solver*  are 
being  used: 

(1)  Joseph  et  aln — demonstrated  and  rigorously 
validated  an  efficient  ooo-dimcnaional  FD-TD  analy¬ 
sis  of  femtosecond  pulse  propagation  and  reflection 
effects  for  a  linear  Lnrentz  (resonant  dispersive) 
medium.  This  work  pioneered  direct  Maxwell’s 
equations  modeling  of  second-order  dispersion, 
providing  extremely  accurate  physics  over  instan¬ 
taneous  band  widths  of  literally  d.c.  to  light  for 
reflection  coefficients  and  Sommerfeld  and  Brillouin 
impulsive  precursors. 

(2)  Goorjian  and  Taflove* — demonstrated  an 
efficient  ooe-dhneosiooal  FD-TD  analysis  of  fem¬ 
tosecond  optical  sotitoo  propagation  and  collision  in 
a  seco no-order  non-linear  dispersive  medium.  This 
work  obtained  for  the  first  time  optical  solitons  from 
Maxwell's  equations,  with  quantum  physics  such  a* 
the  Kerr  and  Raman  interactions  incorporated  into 
the  Maxwell’s  equations  st  distance  scales  larger  than 
about  10  am. 

(3)  Ziolkowslti  and  Judkins'8 — two-dimensional 
FD-TD  analysis  of  femtosecond  optical  pulse  propa¬ 
gation  and  self-focusing  in  a  first-order  non-linear 
dispersive 

Consider  qualitatively  the  key  results  of  Ref  39 
Fig  7a  depicts  the  FD-TD  computed  propagation  of 
a  50  fs  duration  infrared  optical  pulse  observed  at 


Fig  7.  FD-TD  computed  propagation  of  a  50  fs  duration 
inhaled  optical  pulse  observed  at  propagation  distances  of 
53  and  126pm  hem  the  source  in  a  medium  having 
anomalous  dispersion  due  to  a  tingle  Lormtsan  relaxation: 
(a)  linear  cam.  showing  pulse  attenuation,  broadening  and 
frsqimcy  modulating,  (b)  dispersive  non-linear  case,  (bow¬ 
ing  the  formation  of  a  soliton  pulse  and  precursor 

propagation  distances  of  55  and  126pm  from  the 
source  in  a  linear  medium  having  anomalous  dis¬ 
persion.  Note  pulse  broadening  diminishing  ampli¬ 
tude  and  carrier  frequency  modulation  (>/,  on  the 
leading  side,  </,  on  the  trailing  side)  which  causes  an 
asymmetrical  shifting  of  the  envelope,  a  higher-order 
dispersive  effect.  In  Fig  7b,  sufficient  non-lineamy  is 
introduced  to  yield  a  soliton  that  retains  its  amplitude 
and  width  when  observed  at  the  same  propagation 
distances  as  Fig.  7a.  However,  a  low-amplitude  pre¬ 
cursor  is  seen  to  move  out  ahead  of  the  soliton.  The 
carrier  frequency  of  this  precursor  is  upshifted  to 
approximately  3.6  times  that  of  the  main  pulse. 

Figure  Z  depicts  the  Fourier  spectrum  of  the 
solitons  shown  in  Fig.  7b.  The  figure  shows  a  red 
shift  sod  sharpening  of  the  spectrum  as  the  pulse 
propagates.  This  red  shift  is  predicted  due  to  (he 
Raman  effect  occurring  as  a  higher-order  dispersive 
non-linearity  modeled  by  the  non-linear  Maxwell's 
equations  solver. 

Finally,  Ref.  39  considers  the  collision  of  two 
counter-propagating  solitons.  Each  is  identical  and 
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Fig.  8.  Rad  shift  of  the  Fourier  spectrum  of  the  propapttcg 
soliton  of  Fig.  7b. 

has  all  of  the  parameters  of  the  previous  case.  As  is 
characteristic  of  colliding  soli  to  ns,  after  the  collisions 
the  pulses  separate  without  changing  their  general 
appearance.  However,  there  are  lagging  phase  shifts 
due  to  the  collision,  up  to  31°  for  the  earner  in  the 
precursor.  To  illustrate  this,  Fig.  9  plots  the  space 
dependence  of  the  central  pan  of  the  precursor  for 
the  uncolbded  case  and  the  collided  case.  Such  phase 
shifts,  not  easily  detected  by  previous  theory,  may  be 
a  basis  for  optical  switching  devices. 

Unlike  all  previous  soliton  theory  based  upon 
the  pulse-envelope  approach,  the  direct  Maxwell’s 
equations  model  of  Ref.  39  assumes  nothing  about 
the  homogeneity  or  isotropy  of  the  optical  medium, 
the  magnitude  of  its  non-linearity,  the  nature  of  its 
<o-0  variation,  or  the  shape  or  duration  of  the  optica) 
pulse.  By  retaining  the  optical  carrier,  the  new 
Maxwell's  equations  method  solves  for  fundamental 
quantities-  the  optical  electric  and  magnetic  Odds  in 
space  and  time — rather  than  a  non-physical  envelope 
Auction.  Thus,  it  is  extendible  to  AiD-vector  optical 
fields  in  two  and  three  dimensions  to  permit  rigorous 
boundary  value  problem  studies  of  non-linear  vector- 
wave  polarization,  diffraction,  scattering  and  inter¬ 
ference  effects.  This  is  being  setively  pursued. 


Fig.  9.  Phase  lag  of  the  precursor  pulse  as  s  result  of 
counterpropagatlag  solitoo-soliton  collision. 


This  work  may  lead  to  the  modeling  of  all-optical 
digital  logic  devices  switching  potentially  in  10-30  fs 
at  room  temperature.  This  is  about  1000  times  faster 
than  the  best  transistor  today  and  100  times  faster 
than  a  Josephson  junction  operating  under  liquid 
helium.  The  implications  may  be  profound  for  the 
realization  of  "optonics”,  a  proposed  successor  tech¬ 
nology  to  electronics  in  the  21st  century  that  would 
integrate  optical  fiber  interconnects  and  all-optical 
processors  into  systems  of  unimaginable  information 
processing  capability. 

a  CONCLUSIONS 

Supercomputers  of  the  mid-1990s,  which  promise 
to  achieve  rates  from  0. 1  to  I  Tflop,  will  permit  us  to 
truck  some  '‘grand  challenges”  in  electromagnetics 
One  such  “challenge''  remains  from  the  RCS  technol¬ 
ogy  side — the  airplane-in-the-grid.  In  fact,  using  the 
new  class  of  machines  and  the  new  class  of  space-grid 
rime-domain  Maxwell's  solvers,  it  will  certainly  be 
possible  to  obtain  whole  low-observable  fighter- 
airplane  models  in  the  1-3  GHz  range  and  jet-engine- 
inlet  models  up  to  perhaps  3-10  GHz,  with  predictive 
dynamic  ranges  up  to  70  dB.  In  addition,  rime- 
domain  non-linear  optimization  algorithms  will 
probably  be  used  to  achieve  engineering  goals  with 
respect  to  observability  and  aerodynamics.  But,  of 
arguably  more  importance  to  society,  the  same  algor¬ 
ithms  implemented  on  the  same  computers  could 
attack  other  “grand  challenges”  in  electromagnetics: 

•  the  satellite-antenna-in-tbe-grid; 

•  the  cancer-paricnt-in-the-grid; 

•  the  digital-microchip-module-in-the-grid: 

•  the  microwave/millimctcT  wave  integrated  cir- 
cuit-in-tbe-gnd; 

•  the  amy-of-picosecond-transistors-in-the-grid; 

•  the  femtoaecond-all-optical-switcb-in-tbe-grid, 
etc. 

I  assert  that  ultra-large-scale  solution  of  Maxwell's 
equations  using  time-domain  grid-based  approaches 
may  be  fundamental  to  the  advancement  of  our 
technology  as  we  continue  to  push  the  envelope  of  the 
ultra-complex  and  the  ultra-fast.  Simply  speaking. 
Maxwell's  aquations  provide  the  physics  of  electro¬ 
magnetic  phenomena  from  d.c.  to  light  and  their 
accurate  modeling  is  essential  to  understand  high¬ 
speed  signal  effects  having  wave  transport  behavior. 
Let  us  sun  for  the  compuutiona]  unification  of: 

•  full-vector  electromagnetic  waves  in  three  di¬ 
mensions; 

•  chirge  transport  in  transistors,  Josephson  junc¬ 
tions  and  electro-optic  devices; 

e  surface  and  volumetric  wave  dispersions,  includ¬ 
ing  those  of  superconductors;  and 

e  ooo-lineanties  due  to  quantum  effects. 

Then,  we  can  attack  some  computational  “grand 
challenges’*  to  directly  benefit  our  society. 
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Wa  report  the  initial  towtlpto  of  the  slsrtmrtynsntin  of  risible-Ught  interaction  with  the  outer  aagmant 
of  the  vertebrate  retinal  rod  baaed  on  detailed,  flrat-priadplaa  computational  alactroaagnatica  modeling .  The 
oomputatiooal  method  employ*  a  direct  time  integration  of  Maxwell’s  equations  in  a  two-dimensional  space  grid  for  O 

liiali  Immerse  magnetli  sialliansieiss  slot  1 1  li  leiim  field . Iss  Detailed  maps  of  the  optical  standing  wave 

within  the  retinal  rod  are  given  fbr  three  illumination  wavelengths:  714, 506.  and  476  nm.  The  standing-wave 
data  at*  Fourier  analysed  to  obtain  spatial  frequency  spectra.  Except  tor  isolated  peaks,  the  spatial  frequency 
spectra  are  eeeentielly  Independent  of  the  illumination  wavelength. 


For  many  year*  there  hag  been  interest  in  the  optical 
properties  of  photoreceptor*  1 ' '  These  studies  ad¬ 
dressed  a  variety  of  questions  concerning  the  optical 
functioning  of  the  photoreceptors.  The  goal  of  the 
research  reported  here  differs  from  the  earlier  studies 
in  st  least  one  important  aspect:  We  have  sought  to 
understand  the  interaction  of  the  photoreceptor  with 
light  from  a  funds  jiental  electrodynamics  perspec¬ 
tive.  Our  working  hypotheeia  is  that  the  detailed 
physical  structure  of  a  photoreceptor  impacts  the 
physics  of  its  optical  absorption  and,  thereby,  vision. 
In  this  Letter  we  consider  one  such  photoreceptor, 
the  vertebrate  retinal  rod.  The  bulk  structure  of  the 
retinal  rod  exhibits  the  physics  of  an  optical  wave- 
f?iide,  while  the  internal  disk-stack  periodic  structure 
adds  the  physics  of  an  optical  interferometer.  These 
effects  combine  to  generate  a  complex  optical  stand¬ 
ing  wave  within  the  rod,  thereby  creating  a  pattern 
of  local  intensifications  of  the  optical  field. 

We  employ  a  robust  direct  time-integration  ap¬ 
proach  for  Maxwell's  vector-field  equations,  imple¬ 
mented  on  a  two-dimensional  space  grid,  to  obtain 
the  electrodynamics  of  ths  retinal  rod  at  optical 
frequencies.  The  computational  approach,  desig¬ 
nated  as  the  finite  difference  time-domain  (FD-TD) 
method,7-10  employs  second-order  accurate  spatial 
central  differences  and  leapfrog  time  stepping  to  im¬ 
plement  the  space  and  time  derivatives  of  Maxwell’s 
time-dependent  curl  equations.  FD-TD  is  s  highly 
efficient  means  to  model  fiill-vector  impulsive  or 
sinusoidal  electromagnetic  wave  interactions  with 
arbitrary  one-,  two-,  or  threw  dimensional  inhomoge¬ 
neous  material  structures.  Originating  from  defense 
applications  in  ths  radar  cross  section  area,  FD-TD 
is  becoming  widely  used  for  modeling  radio  fre¬ 
quency  and  microwave  scattering,  penetration,  and 
radiation  interactions  with  industrial  and  biomedical 
structures  of  realistic  complexity. 

0 146-9892/93/080558- 03*5. 00/0 


Recently,  the  range  of  FD-TD  modeling  of  elec-  A 
tro  magnetic  wave  interactions  has  been  expanded 
to  linear  and  nonlinear  dispersive  optical  ma¬ 
terials  and  structures,  including  linear  optical- 
directional  couplers11  and  femtosecond  optical  pulses 
and  soUtons.t*-u  The  upper-frequency  bound  of 
FD-TD  modeling  (equivalently,  the  lower  bound  ^ 
on  grid  cell  sire)  is  predicated  by  the  proper  w 
incorporation  of  quantum  effects  into  the  macroscopic 
Xa}  susceptibility  fiinction  that  relates  the  Maxwell 
displacement  flux  D  to  the  electric  field  E  as  a 
fiinction  of  frequency  at. 

In  our  study  we  have  implemented  two  separate 
two-dimensional  models  of  the  isolated  outer  segment  # 
of  the  retinal  rod;  a  traverse-magnetic  (TM)  model 
and  a  transverse-electric  (TE)  model.  The  TM  model 
involves  the  vector-field  mode  having  H,  and  H,  as 
the  magnetic-field  unknowns  and  E,  as  the  electric- 
field  unknown,  while  the  TE  model  involve#  the  mode 
having  Ea  and  E,  as  the  electric-field  unknowns  and  _ 
H,  ss  the  magnetic-field  unknown.  For  both  models.  ® 
the  optical  excitation  is  a  monochromatic  incident 
plane  wsve  propagating  in  the  +y  direction  parallel 
to  the  major  axis  of  the  rod,  which  is  assumed  to 
be  infinite  and  unchanging  in  the  x  direction.  Three 
different  free- space  optical  wavelengths  K.  have  been 
investigated:  714  nm  (red),  808  nm  (green),  and  475  % 

nm  (blue).  Th*  .od  u  assumed  to  have  cross-section 
dimensions  of  20OC  am  x  20,000  tun,14  corresponding 
to  (3.8-6.7A*)  x  (38-57 kg)  over  the  range  of  wave¬ 
lengths  used  in  the  model,  where  is  the  optical 
wavelength  within  the  rod’s  dielectric  media. 

A  uniform  Cartesian  space  grid  having  5.0  nm  x  5.0 
nm  unit  cells  is  utilized  in  the  computational  model.  ^ 
This  provides  a  wavelength  resolution  of  \d/70  to 
<W105,  depending  on  the  incident  wavelength.  The 
overall  grid  includes  2.1  x  104  cells,  correspond¬ 
ing  to  6.3  x  10*  vector-field  unknowns.  Reliable 
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Fig.  1.  Visualization  of  the  magnitude  of  the  electric- field 
values  of  the  optical  standing  wave  within  the  retinal  rod 
for  TM  illumination  relative  to  1  V/m  incident  at  475, 505, 
and  714  run.  White  areas,  standing-wave  peaks;  dark 
areas,  standing-wave  nulls.  The  maximum  amplification 
for  the  TM  mode  is  2  3. 


The  computational  procedure  involves  launching 
a  sinusoidal  plane  wave  of  the  desired  optical  fre¬ 
quency  in  the  +y  direction  and  integrating  Maxwell’s 
equations  in  time  as  the  wave  penetrates  the  rod, 
propagates  all  the  way  to  its  back  end  (maximum 
y  coordinate),  rebounds,  and  propagates  all  the  way 
to  its  front  end  (minimum  y  coordinate),  rebounds 
again,  and  then  repeats  the  front-to-back-to- front 
traversal  one  additional  time.  It  should  be  under¬ 
stood  that  electromagnetic  wave  diffraction  in  all 
directions  in  the  x-y  plane  is  computed  during  this 
process  in  accordance  with  Maxwell’s  equations.  At 
the  conclusion  of  the  time  integration,  the  standing 
wave  of  the  time-dependent  optical  electric  field  is 
obtained.  Convergence  studies  involving  extension 
of  the  integration  period  to  allow  a  variable  num¬ 
ber  of  front-to-back-to-front  traversals  of  the  wave 
have  been  conducted  and  indicate  that  the  sinusoidal 
steady  state  is  essentially  achieved  after  the  first  two 
complete  traversals.  Approximately  1.6  h  of  single¬ 
processor  Cray  Y-MP  time  is  required  to  model  one 
such  integration  at  the  505-nm  incident  wavelength. 

Figure  1  is  a  visualization  of  the  computed  mag¬ 
nitude  of  the  normalized  electric-field  values  of  the 
optical  standing  wave  within  the  retinal  rod  for  TM 
polarization  at  A,  -  714,  505,  and  475  nm.  A  simi¬ 
lar  visualization  is  observed  for  TE  polarization.  Ib 
aasist  our  understanding  of  the  physics  of  the  retinal 
rod  as  a  complex  optical  waveguiding  structure,  we 
performed  the  following  reduction  of  the  standing- 
wave  magnitude  data  at  each  A,.  First,  at  each 
transverse  plane  located  at  a  given  y.  in  the  rod, 
we  integrated  the  electric-field  values  E(x,yt)  of  the 
optical  standing  wave  over  the  z  coordinate  to  obtain 
a  single  number,  Em(yt).  Second,  we  performed  a 
discrete  spatial  Fourier  transform  of  the  resulting 
distribution  E^(y)  over  the  y  coordinate.  The  re¬ 
sults  are  shown  in  Fig.  2  for  the  TM  case  and  in 
Fig.  3  for  the  TE  case.  With  the  exception  of  isolated 
peaks  unique  to  each  A,,  the  spatial  frequency  spectra 
for  each  polarization  are  essentially  independent  of 
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second-order  radiation  boundary  conditions'  are  im¬ 
plemented  at  the  outer  grid  boundaries  to  simu¬ 
late  the  rod  embedded  in  an  infinite  fluid  region. 
Thus  any  computed  wave  reflections  are  virtually 
exclusively  due  to  interface  effects  within  and  at  the 
surface  of  the  rod.  There  is  little  contribution  to  the 
computed  optical  standing  wave  owing  to  reflections 
from  the  outer  grid  boundary. 

The  5-nrn  resolution  cf  the  space  grid  permits  de¬ 
tailed  modeling  of  the  15-nm-thick  outer  wall  mem¬ 
brane  of  the  rod  and  the  15-nm-thick  internal  disk 
membranes.14  There  is  assumed  to  be  799  of  the 
latter  distributed  uniformly  along  the  length  of  the 
rod,  separated  from  each  other  by  10  nm  of  fluid  and 
separated  from  the  outer  wall  membrane  by  5  nm  of 
fluid.  The  index  of  refraction  for  the  membrane  nm 
was  chosen  to  be  1.43,  and  the  index  of  refraction  for 
the  fluid  nf  was  chosen  to  be  1.36,  in  accordance  with 
generally  accepted  physiological  data. 
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Fig.  2.  Spatial  frequency  spectra  of  tha  transverse 
integrated  optical  standing  wave  for  TM  illumination  at 
714,  505,  and  475  nm. 
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Fig.  3.  Spatial  frequency  apaetra  of  the  transverse 
intagratad  optical  atanding  wav*  for  TE  illumination  at 
714.  80S.  and  478  nm. 
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Fig.  4.  Spatial  frequency  apaetra  lor  tba  membrane- 
fluid  atructur*  and  the  glaaa-air  structure  at  714  nm 
normalixad  to  tba  apatial  frequency  apactrum  of  tba  re- 
apactiv*  atructuraa  at  608  am. 

the  illumination  wavelength.  The  retinal  rod  thus 
appears  to  exhibit  a  type  of  frequency-independent 
electrodynamic  behavior. 

The  agreement  <rf  the  apatial  frequency  spectra  for 
the  three  incident  wavelengths  'jr  each  polarization 
was  so  remarkable  that  we  tested  our  overall  proce¬ 
dure  for  computational  artifact*.  The  test  involved 
perturbing  the  indices  of  refraction  of  the  membrane 
and  fluid  from  those  of  the  vertebrate  rod  to  those  of 
glass  and  air.  Figure  4  graphs  the  spatial  frequency 
spectra  at  A,  »  714  nm  for  the  membrane- fluid 
structure  and  the  glass-air  structure,  aa  normalised 
to  the  spectrum  of  the  reepective  structures  at  A,  - 


605  am.  We  see  that  the  normalized  glass-air  spec¬ 
trum  exhibits  little  correlation,  i.e.,  numerous  sharp 
high-amplituda  oscillations  over  the  entire  spatial 
frequency  range  considered.  On  the  other  hand,  the 
normalized  membrane- fluid  spectrum  varies  in  a 
tight  range  near  unity  through  apatial  frequencies 
of  3.6  x  10*  m_l.  We  conclude  that  the  agreement 
of  the  spatial  frequency  spectre  for  the  vertebrate 
retinal  rod  indicates  a  real  physical  effect  that  is 
dependent  on  the  proper  definition  of  the  indices  of 
refraction  of  the  components  of  the  rod  structure. 

The  observed  independence  of  the  spatial  frequency 
spectrum  of  the  optical  standing  wave  within  the 
retinal  rod  structure  relative  to  A,  supports  the  hy¬ 
pothesis  that  the  eleetrodynamic  properties  of  the  rod 
contribute  little  if  at -all  to  the  wavelength  specificity 
of  optical  absorption.1*  From  an  electrical  engi¬ 
neering  standpoint,  frequency-independent  struc¬ 
tures  have  found  nutjor  applications  in  broadband 
transmission  and  reception  of  radio- frequency  and 
microwave  signals.  There  is  a  limited  set  of  such 
structures,  and  it  is  always  e»ritiny  to  find  a  new  one. 
We  speculate  that  some  engineering  application 
of  frequency-independent  retinsd-rod-like  structures 
may  eventually  result  for  optical  signal  processing. 
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